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The ability to manufacture the cell culture platforms that guide biological cells to 
differentiate in controlled manners and in situ monitoring their viability and response to 
stimulate is important in a number of applications such as lab-on-chip, tissue engineering 
and biosensing.  
 
This research presents the development of conductive bioimprinting based on conducting 
polymer poly(3,4–ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) for cell 
features replication and monitoring platform. Conductive bioimprinting is a new 
technology that integrates hydrogel and glycerol into PEDOT: PSS to imitate cell-like 
features using a soft lithography method. Adding functionality to the bioimprint process 
by enabling not only high resolution replica but also monitoring cell growth/viability 
through changes in their conductivity, an approach that has not been investigated before. 
Moreover, the use of hydrogel, glycerol and crosslinker demonstrates enhancement in 
biocompatibility, low degradation/water solubility and mechanical properties of the 
conductive substrate.  
 
Six different concentrations of PEDOT:PSS (0%, 2%, 3%, 4% and 6% w/w) were studied 
in the synthesis of the conductive hydrogel via chemical method. The success in the 
synthesis and optimisation of the conductive hydrogel resulted in a very high replication 
fidelity with more than 90% accuracy when used for replicating myoblast C2C12 cellular 
features down to micro- and nano-sized details. The high-resolution conductive 
bioimprint replicas were utilised as a secondary cell culture substrate to investigate the 
cells response to cell–like topography as compared to featureless flat surfaces. 
  
The synthesised conductive hydrogel underwent chemical and surface modifications to 
optimise the electrical conductivity, swelling behaviour, mechanical properties, 
biocompatibility and cell response on different topography. Conductive hydrogel films 
that were chemically crosslinked with microbial Transglutaminase (mTg) showed 
significant increase in the electrical conductivity from 10-6 to 1 Scm-1, in addition to 
improve water solubility. Moreover, cultured myoblast C2C12 cells on the crosslinked 
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conductive substrates showed that they attached, grew and proliferated on all surfaces 
after 24 hours of cell seeding. In addition, conventional patterning of the conductive 
hydrogel substrates were employed in vitro to culture myoblast C2C12 cells and observe 
the cell–material interactions. Crystal violet stained cells revealed that cells are very 
responsive to their micro environment and they prefer to attach on a patterned surface as 
compared to a flat surface under the same cell culture media conditions. 
 
In investigating the physicochemical properties of crosslinked conductive hydrogel films 
with different concentrations, several techniques have been employed for the analysis and 
testing of the synthesised material. Wettability, biocompatibility, biodegradability, 
mechanical analysis and some chemical analysis were performed. Results showed that 
the conductive hydrogel films have a good wettability and excellent hydrophilic 
properties. These material features acted favourably for the myoblast cell adhesion onto 
the conductive hydrogel substrate as compared to glass, gold and PDMS substrates. In 
vitro biodegradation tests when conducted in a culture medium at temperature of 37 ℃ 
for 15 days revealed that the degradation of the conductive hydrogel films was slowed 
down with increasing PEDOT: PSS concentrations. The tensile testing showed that the 
conductive hydrogel exhibited excellent stretchability properties: the elasticity modulus 
was decreased from 77.87 ± 1.12 MPa for the 2% films to 1.11 ± 0.10 MPa for the 6% 
films. Furthermore, from the chemical analysis: ultraviolet visible spectroscopy (UV-
Vis), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 
(FTIR) and Thermogravimetric analysis (TGA) confirmed that the appropriate and 
expected chemical elements were present in the synthesised conductive hydrogel polymer 
films.  
 
The electrical cell-substrate impedance spectroscopy (ECIS) measurements were 
performed on myoblasts C2C12 cells. The myoblast cell’s impedance changed during 
adhesion, growth, proliferation and toxin addition. The sensitivity of the conductive 
hydrogel biochip during cell culture experiments were measured and analysed. These 
results demonstrate a new method of using cell impedance spectroscopy on conductive 
hydrogel to study the cell behaviour and would help researchers’ better understanding on 




The developed conductive bioimprint shows high replication resolution, good 
conductivity, biocompatibility, stretchability and water resistance. The results of the 
synthesis and characterisation of the conductive hydrogel substrate with patterned 
surfaces demonstrated by this research work have a great potential to be used for 
monitoring acceptance of medical implants in the human body and manipulating implant–
tissue reactions for medical devices.  
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CHAPTER 1  




Over the past decade, the development of new topographically modified substrate as 
platforms for monitoring cell growth has been extensively researched to gain real–time 
insights the working of complex living units (tissues, organs and organisms) in the body. 
During in vitro studies, the substrate surface not only change the cell–surface interactions 
but can also contain catalysts, mediators and cofactors that induce an internal 
reorganisation of cellular architecture. This development has inspired the field of 
implantable biosensors, tissue engineering and drug delivery applications. For instance, 
in bone-implant research, the design of the devices has a major effect on the ability to 
induce, control and guide cell growth, and produce rapid healing [1]. However , in certain 
applications such as cardiovascular prosthesis, catheters and contact lenses, the 
biomaterial design must not stimulate cell adhesion, which can lead to thrombus 
formation and high risk of infection [2], [3]. In the early 1900s, Harrison was the first 
scientist researching tissue culture to observe the changes of cell response to surface 
structure [4]. Since then scientists have realised that topography plays an important role 
in guiding cell attachment, growth, migration and differentiation [4]–[11].  
 
In recent years the advance development of  conducting polymer (CP) film has created 
enormous potential interest in many biological applications, including tissue engineering, 
diagnostics, actuation (micro catheters, artificial muscles, electric/artificial organs etc.), 
and drug delivery systems [12]–[18]. This is due to their flexible properties, excellent 
compatibility with biological systems, mixed electrical and iconic conductivity and 
ability to from a 3D pattern (bioimprint). Numerous studies have shown that the choice 
of conducting polymer materials can influence interactions with living tissue, neurons 
and protein [13], [19]. Moreover, the integration of a solid surface with the electro-




physical properties could stimulus cell behaviours such as adhesion, migration, and 
secretion.  
 
In this work, we present for the first time the development of a CP film with bioimprinted 
surface features based on poly (3,4-ethylenedioxythiophene): polystyrene sulfonate 
(PEDOT:PSS) by using a soft lithography technique. The conductive bioimprint has been 
used for studying cell adhesion, morphology and cell–surface interactions. This 
conductive substrate also could be used for monitoring the differentiation of biological 
cells with respect to the electrical conductivity properties.  
 
CPs such as polyacetylene (PA), polypyrrole (PPy), polythiophene (PT) and polyaniline 
(PANI) have great potential in the development of electroactive biomaterial for 
biosensing and bioengineering applications [20]–[26]. The discovery of CP hydrogel was 
first reported by Gilmore et al. in 1997 [27]. A polythiophene derivative, PEDOT:PSS 
has attracted the attention of many scientists during the last decade for applications in 
supercapacitors [28], transistors [29], solar cells [30], [31], batteries and bio-electronics 
[31]–[33] owing to its good conductivity, high stability at room temperature, flexibility 
with an aqueous solution and it is relatively inexpensive [20], [25], [26], [28]–[32], [34]. 
PEDOT:PSS based CP is becoming an attractive material for interfacing with biological 
systems, it has good forming properties and is chemically stable. This material is also 
well characterised with biocompatible properties in vitro/vivo, which opens up a range of 
opportunities for soft tissue augmentation and regeneration [35]–[37]. However, PEDOT: 
PSS is a water-based conducting polymer and has limited applications in imprinting 
processes. By mixing a CP with gelatin, a conductive hydrogel (CH) has been developed 
that is suitable for sensing applications employed in this project. Despite this conductive 
material having good biocompatibility properties, work on CH optimisation and 
investigation the qualities of cell adhesion and growth under various topographies as a 
function of electrical signals were described in this thesis. Motivated by the goal of 
conductive biomaterial as an electrode coating, a variety of conducting polymer hydrogels 
have been explored based on PPy [38]–[40], PEDOT [35]–[37], [41]–[43] and PANI [44], 
[45] for implantable devices, tissue engineering and drug delivery. In addition, the 
performance of CH is dependent on a number of factors such as conductivity, degree of 
crosslinking and swelling behaviour of hydrogel [46], [47]. 




Gelatin is a colourless natural biopolymer hydrogel derived from collagen. This unique 
polymer has biocompatible and biodegradable characteristics, given the well-documented 
has non toxicity, low antigenicity and promotes cellular adhesion as well as proliferation 
[35]–[37], [48]. It has been reported to be effective used for skin and bone repair, cartilage 




Implant failure incidence and escalated risk of cancer are both problematic which have to 
be minimised. There is a continued and growing demand for innovative alternatives to 
reduce the rate of medical device failure and to diagnose potential of infection or 
inflammation in real–time. With these problems in mind, the bioimprinting technique is 
a promising new approach that mimics biological cell topography and replicates them 
permanently onto polymer matrices. Since the surface topography is strongly influence 
cell phenotype in many ways such as (adhesion, differentiation, morphology, etc.) and 
offers opportunities to manipulate cells and tissues. Therefore, bioimprint was developed 
to enhance imaging of cells using atomic force microscopy (AFM) and to create the cell 
culture platform for guidance role of micro-nano environment on cell development [49], 
[50]. 
 
The term “bioimprint” was first developed in 2006 by Dr. James Muys and patented in the 
Department of Electrical and Computer Engineering at the University of Canterbury, New 
Zealand [51]. In this thesis, a novel approach is presented to enable non-destructive AFM 
imaging and analysis of cells by replicating a cell’s delicate features onto a hard polymer. 
In earlier studies, liquid polydimethylsiloxane (PDMS) was used as a bioimprinting 
polymer medium. Unfortunately, due to curing requirements, the baking process caused 
cell dehydration and deformation effects before the PDMS was completely polymerised. 
It also experiences a very long curing time with ultraviolet light exposure, which was not 
practical under certain conditions without causing artefacts. Ideally, the polymer utilised 
for the bioimprint process will be able to meet several criteria: firstly, the polymer must 
be completely transformed into solid form after the curing process and easy to peel in order 
to avoid any artefacts or denaturation effect. It must also be able to replicate cell features 




at high resolution and be biocompatible as a cell-culture platform. To overcome the curing 
time problem, photo-initiated methacrylate elastomer was used for cell replication and the 
polymer solidified  in less than one minute [52], [53]. 
 
Further development and investigation of methacrylate elastomer bioimprinting using a 
soft lithography technique was continued in the doctoral dissertation of Dr. Fahmi Samsuri 
[54]. In his research a simple fabrication method for cell replication that involved 
biocompatible polymer, fast curing and low temperature was developed. By using a soft 
lithography technique, the bioimprinting process provides an easy fabrication method to 
permanently capture the cellular footprint at high resolution down to nanometre scale. 
Interestingly, the soft lithography technique is a dominant technology that has been 
adopted successfully in materials science, microfluidics and flexible displays with 
unlimited feature-size resolution [10], [11], [55].  
 
Numerous studies have been reported on the response of biological cells cultured on 
various surface topography patterns and on different non-CPs such as PDMS [8], [9], 
glass[9], Permanox [9], methacrylate [8], [54], [56], [57], polystyrene [6]–[9], poly 
(ethylene glycol) terephthalate–poly (butylene terephthalate), (PEGT–PBT) [58] and 
casein [59]. These studies have been used to demonstrate cell–surface interactions, 
growth, adhesion, spreading, morphology, and the differentiation of biological cells. 
Interestingly, these studies showed that cells behave differently on different topographies 
[8], [9], [60] and substrate material in addition to changes in expression of signalling 
proteins and sensitivity to cancer drugs [6]. In addition, the cells grow randomly on a flat 
surface, but align themselves with and move along the pattern [4], [5], [7]–[9], [60], [61]. 
However, all of these studies mostly focused on improved understanding of cell behaviour 
under different physical conditions with respect to the chemical and mechanical 
properties but not the electrical properties. 
 
In this thesis presents the development of a new bioimprint that utilises conducting 
polymer PEDOT:PSS called “conductive bioimprint” employs soft lithography technique. 
The conductive bioimprint materials and approach investigated for this work will be 
described in detail, together with the modifications, optimisation, and improvements on 
the previous technique and materials employed. The conductive substrate with patterned 




surface that was developed also offers good stimuli responsive as secondary cell culture 
substrate, high resolution replication fidelity, excellent electrical conductivity and is also 
biocompatible, stretchable and biodegradable, which suitable for various applications.  
 
The conductive bioimprint substrate is a very desirable as an implant coating in help to 
promote cells growth and monitor the healing process of tissues or possible infections in 
the injury sites in real-time after surgeries. Then, the information will be transmitted to the 
doctor, researchers and patient via wireless communication technologies such as bluetooh, 
radio frequency identification (RFID) and WI-FI. These outcomes would allow not only 
faster recovery for the patient, but also decreased patient morbidity, improved patient 
psychology, and decreased health care costs. Furthermore, the stretchable and 
biodegradable characteristics of conductive bioimprint are very envisage to develop future 
implantable devices. This substrate supports the electronic component, flexing, and 
moulding to rough and smooth surface alike. As a coating substrate that conform to the 
medical implant it need to be stretchable and flexible which to allow for implant 
topography moulding. Once the conductive bioimprint completed guiding and improving 
cells implant interface and the coating is no longer needed have to be degradable into 
nontoxic components and leaving the resulted tissues behind. Therefore patient does not 
need secondary surgery for implant removal. Figure 1.1 summarises the synthesis of 









Figure 1.1: The synthesis, properties and applications of conductive bioimprint. 
 
 
1.3 Cell adhesion 
Cell adhesion is one of the main processes that influence cellular communication and 
regulation between cell–substrate material interactions. This is also an important 
biological phenomenon for the development and maintenance of multicellular tissue 
structures [62]–[64]. In vitro, the majority of mammalian cells are anchorage-dependent 
and adhere tightly on appropriate substrate material [65]. An understanding of the cell–
substrate adhesion mechanism is essential for better insight  into  cell adhesion properties 
in developing methods for disease diagnostics, lab-on-chip, artificial bone, inflammation, 
biomaterial studies for biosensor, implantable devices, cancer progression analysis, 
immunity testing, drug delivery and tissue engineering [63], [64], [66].  
 
The process of cell adhesion in vitro occurs in three phases: attachment, spreading and 
differentiation events, as shown in Figure 1.2. The early phase of this mechanism involves 
the interaction between receptor transmembrane glycoproteins called integrin and the 










substrate surface contact area increases through formation of actin microfilaments and 
cell spreading. Integrin can regulate many cellular functions such as adhesion, motility, 
shape, growth and differentiation during cell receptor-ECM interactions. Failure of cells 
to interact with the appropriate biological surface or molecule can be detrimental to the 
fate of the cells, which contribute to cancer cell metastases, arthritis and osteoporosis 
[67]–[70]. With an appropriate signal from the matrix, cells then proceed to arrange their 
cytoskeleton protein as characterised by the formation of focal adhesions and actin-
containing stress fibres. Focal adhesions consist of ECM proteins, scaffolding molecules 




Figure 1.2: Schematic diagram of cell adhesion event for (a) attachment, (b) spreading 
and (c) differentiation of cell in culture flask. Once cells adhere on the local extracellular 
matrix as well as on the substrate surface, the beginning of an extensive proliferation in 
order to differentiate themselves and build up a tissue or a fibre in case of muscle cells.  
 
 
Today, there are many studies that have evolved, such as Micro Patterning, 3-D Traction 
Force Quantification, Microfluidics, Polyacrylamide-Traction Force Microscopy, and 
Resonance Frequency to analyse single or population of cell adhesion mechanism to a 
substrate. This include how fast do cells attach to a surface? Do they change their 
morphology or adhesion area because of a substance or physical stress and how good is 
their attachment?  
 
 
(a) Adhesion (b) Spreading  (c) Differentiation 




1.4 The effect of surface roughness, surface topography and surface 
chemistry on cell adhesion 
When fabricating artificial biomaterials for the purpose of medical implants into the body, 
it is essential to create materials that encourage or stimulate the cell adhesion process such 
as attachment, migration, proliferation and differentiation of biological cells. The 
interaction of the cells with the artificial substrates is normally mediated by proteins such 
as fibronectin, laminin, and collagen, which form part of the ECM. These proteins bind 
to the substrate surface and express specific sequences that are recognised by the cell–
surface receptors or integrin’s. The main factors that have been recognised as strongly 
influencing cell response with the biomaterial are surface roughness, surface topography, 
surface chemistry of substrate materials [62], [63]. Various studies have shown the 
interaction between biomaterial surface characteristics and cells can be manipulated in 
order to control those situations [1], [4], [63], [66], [73], [5], [6], [8], [12], [21], [32], [35], 
[36].  
 
Roughness is a component of surface morphology of the substrates that can be used to 
describe and quantify the degree of surface topography, which can be classified as 
hydrophobic or hydrophilic. Surface measurement is important parameter for determining 
a surface's suitability for various applications. In biomedical applications, surface 
roughness has been shown to affect cellular behaviour in vitro and tissue response in vivo. 
In vitro studies on roughness have shown that cells adhered well on the rougher surfaces, 
whereas the smooth surfaces are known to promote inflammation due to a reduction of 
interfacial motion at a cellular level, which leads to destruction of cells and the 
extracellular matrix [74]. On the other hand, research group from AO Research Institute 
found that culturing cells on rough titanium and steel does not significantly affect 
fibroblast cell adhesion or subsequent growth when compared with smooth surfaces [75].  
 
Furthermore, cell behaviour such as adhesion, proliferation, morphology, gene expression 
and motility is also influenced by the topographical features. Topography can be 
described as the variation in amplitude, pattern of features such as a cell’s footprint 
bioimprint, microfluidics, pillars, pits, wells and pyramids. Modification in surface 
topography strongly impact the surface energy and wetting behaviour that leads to 




enhancement in protein adsorption, cell adhesion and growth. In addition, topography 
modification that attempts to mimic the extracellular environment is an effective 
technique to determine the sensitivity and cell response to the certain micro-
environmental cues, for example during wound healing.  
 
The role of topography on cellular outgrowth in vitro was developed by Harrison in 1911 
[76]. They found that cultured embryonic frog on a meshwork pattern showed cells 
preferentially extended along the solid support of the filaments. Since then numerous 
approaches have been used in topography modification in order to study the cell 
behaviour for drug delivery, tissue engineering and biomedical applications [4], [5], [61], 
[62], [66]. Bioimprinting is a new approach developed in our lab that mimics biological 
cell-like topography replicated into polymer matrices that can be used to investigate cell 
behaviour in response to changes in surface morphology. It is worth mentioning that  
Murray et al. demonstrated that cancer cells cultured on bioimprinted polymethacrylate 
substrate exhibited different behaviour and can distinguish between cell-like topographies 
and flat areas on the culture platforms [8]. It has also been reported that surface 
topography can modify endometrial cancer cell responses of signalling proteins, and 
sensitivity to anti-cancer drugs [6].  
 
Since we know that surface roughness and topography influence cell behaviour, surface 
chemistry also has an important factor on cell response, protein adsorption and cell 
adhesion. The first work demonstrating the importance of surface chemistry was begun 
in 1984 by Baier et al. [62]. They found that hydrophilic surfaces trigger the adhesion and 
proliferation of cells on the substrate. Initially, wettability of the solid substrate is affected 
by three aspects: the surface tension of the solid, the surface tension of the liquid and the 
interfacial tension [77]. The surface wettability of biomaterials is usually evaluated by 
the water contact angles at the material surface. Research on determining and 
investigating the contact angle with various biomaterials found that reduction in contact 
angle will enhance wettability which leads to improving biocompatibility properties of 
the substrate [77]. This happens when the polymeric surfaces are exposed to polar liquids: 
the orientation of the molecules changes and point towards the polar phase. On the other 
hand, if the materials are exposed to air or other hydrophobic environments, the 




hydrophobic groups within the polymers will migrate towards the surface of the material, 
making the surface water resistance [77]. 
 
 
1.5 Research objectives 
This research focuses on developing a novel device that utilises cell-like footprints made 
of CH for many applications in medical implant biosensors. The developed technology is 
called a “conductive bioimprint”. The required properties of the conductive bioimprint 
include high replication resolution, biocompatibility, suitable mechanical (stretchable) 
and electrical (highly conductive) properties, and being biodegradable. This study will 
show how the conductivity of living biological cells is related to the cell functions, 
growth, spread and apoptosis. Other cell activities such as cell–surface interactions, 
growth, adhesion, spreading and morphology will also be examined. The conductive 
bioimprint have an important potential for monitoring medical implant success in real–
time. Moreover, this work addresses a significant challenge of the synthesisation and 
polymerisation process of CH by integrating glycerol and gelatin into PEDOT:PSS via 
chemical methods. This successful approach was achieved by combining the 
biocompatibility and biodegradability properties of hydrogel and flexibility properties of 
glycerol into conductive properties of PEDOT:PSS.  
 
To achieve these objectives, the specific aims and plans were as follows:  
 
1) To synthesise CH composites that incorporate the biomaterial hydrogel and glycerol 
into PEDOT:PSS. Then, replicate the cell surface features into CH composite and 
compare the conductive bioimprint replica with PDMS master mould and the actual 
features of C2C12 cell. 
 
2) To investigate the effects of chemical and surface modification on the electrical 
properties, swelling behaviour and cell behaviour under different conditions, such as 
the influence of cross-linkages and topography. 
 




3) To determine the physicochemical properties of CH films with different 
concentrations of PEDOT:PSS, such as wettability, biocompatibility, biodegradation 
and physical/mechanical properties. To characterise the chemical component of the 
conductive composite by using: ultraviolet visible spectroscopy (UV-Vis), X-ray 
photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR) 
and Thermogravimetric analysis (TGA). 
 
4) To monitor the cell’s impedance change in real-time as a function of adhesion, 
growth, proliferation and apoptosis on gold and CH biochips. 
 
 
1.6 Thesis outlines 
Chapter 1 introduces the motivation behind this study and the evolution of the 
“bioimprint” technology for use as a cell-culture platform. In addition, the cell adhesion 
process and the influence of surface roughness, surface topography and surface chemistry 
on cell adhesion is highlighted. The objectives and outline of this research work are also 
presented in this chapter.  
 
Chapter 2 provides literature reviews; the first is a theoretical introduction regarding the 
basic concepts of biosensors. It discusses their advantages in biomedical applications, 
explains the different types of detection methods, and defines the selection of electrode 
materials, which play an important role in the biosensor’s performance. The next review 
describes the conducting polymer hydrogel and the major driving forces for the 
development of these materials-based biosensors. The principle of electric cell–substrate 
impedance sensing system (ECIS) such as the use of microelectrodes, for monitoring and 
measuring cell adherence, are also discussed in detail.  
 
Chapter 3 describes various materials and methods that were used in performing the 
conductive bioimprint fabrication employed in this thesis. Cell culture protocol, cell 
counting, cryopreservation procedure, fixation and staining method are included in this 
chapter. The various analytical methods used for physicochemical characterisations of 
CH substrate are described in the next section. The fabrication methods of gold 




interdigitated electrodes through photolithography and PDMS bioimprint master mould 
by using soft lithography techniques are presented. Finally, the electrical properties 
measurements by using four-probe Hall effect and ECIS are also discussed in the last 
section. 
 
Chapter 4 demonstrates the template synthesis process and optimisation of a novel 
fabrication method to develop a conductive bioimprint based on PEDOT:PSS films by 
using a soft lithography technique. The following section discusses the resolution 
replication fidelity from the analysis of AFM imagery of myoblast C2C12 cells imprinted 
on different substrates: fixed cells on glass, negative/positive PDMS bioimprint and 
positive/negative conductive bioimprint.  
 
Chapter 5 describes the influence of chemical and surface film modification on electrical 
the properties, swelling behaviour and cell behaviour, and the resulting conclusions 
regarding cell adhesion onto different patterned substrate surfaces. 
 
Chapter 6 investigates the physicochemical properties of CH as a soft electrode material. 
Wettability, biocompatibility, biodegradation and physical/mechanical analysis were 
examined. In addition, the chemical properties of synthesised CH polymers were 
characterised by using UV–Vis, XPS, FTIR and TGA.  
 
Chapter 7 is devoted to impedance measurements of myoblast C2C12 activity on CH 
microelectrodes. This chapter describes the investigation of ECIS in studying myoblast 
C2C12 adhesion, spreading and drug effects in real time, on CH and gold biochips.  
 
Chapter 8 concludes the thesis by summarising the methods, findings and conclusions 
in the previous chapters. This chapter covers research contributions and suggestions for 











The rapid research in the field of biomedical engineering is geared towards the 
development of analytical platforms for more effective monitoring, testing, non-invasive 
analysis and portable elements for disease diagnosis. Implantable biosensors permit the 
internal biologically controlled by the central nervous system to communicate with an 
external body sensor using a wireless communication technology. Moreover, biosensors 
using polymeric biomaterials result in intelligent diagnostics, biocompatibility, low limit 
of detection, high sensitivity, lower applied potential, adjustable and good mechanical 
properties [78], [79]. The polymeric materials such as CP, redox polymer (RP), hydrogel 
and chitosan are of interest in that they offer most of the above characteristics.  
 
In general, a sensor can be described as a device used to detect or measure the changes in 
its physical environment (heat, light, pressure, position, temperature, acceleration, sound, 
etc.) and respond with feedback. Sensors are widely used as a core element in many 
applications ranging from daily use appliances, laboratory and scientific research, 
engineering and military equipment, whereas a biosensor is a combination of two 
components connected in series (bioreceptor and transducer) that converts and amplifies 
a biological response to an analytical signal via a detector circuit using the appropriate 
reference and sends it for processing, for example by computer software [80]–[82]. It can 
also be defined as a compact, integrated bioanalytical, self-contained unit that has a 
biological sensitive component connected to a compatible physicochemical transducer 
[83], [84]. The two components work together to transpose the concentration of an analyte 
or a similar group of analytes; they are measurable responses that transform the signal. A 
biosensor provides a high degree of selectivity and sensitivity for the analyte to be 





the presence of other interfering molecules, while sensitivity refers to the lowest 
detectable analyte concentration.  
 
The general structure of biosensors is illustrated in Figure 2.1. A bioreceptors element 
detects the analyte of interest to the physicochemical transducer (detector) and converts 
the spot target into a measurable electrical signal. This element detects bioanalytes 
including enzymes, protein, antibodies, microorganisms, biological tissue and 
deoxyribonucleic acids (DNA) from the biological organisms [82], [85]–[88]. After 
interacting with the target analytes in the system, the physicochemical properties of the 
sensitive layer change and can be detected through the optical properties, weight or 
resistance of the sensing element. The transducer then takes the changed parameter and 
converts it to an equivalent, measurable electrical signal, which is amplified. In order to 
achieve the required detection, numerous interface materials have been used for 
transducer coatings such as metallic electrodes, carbon nanotubes, nanowires, graphene, 
quantum dot, and conducting polymer. The amplified signal is proportional to the 
concentration of the substance processed by the signal processor then analysed in 
appropriate hardware or software. The transducer can be electrochemical, calorimetric, 
piezometric, optical, magnetic or micro chemical or a combination of these [80]. 
 
The term “biosensor” was proposed by Clark and Lyons in 1962 to measure glucose in 
biological samples using an immobilised glucose oxidase electrode. Since then, progress 
has increased exponentially both in technology and application of biosensors with novel 
approaches integrating nanotechnology to bioelectronics [89]. Furthermore, better 
understanding the concept of immobilised bioreceptors have significantly toward the 












Figure 2.1: Schematic of the generalised biosensor. 
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One of the major driving forces for the development of these devices is in biomedical 
diagnosis. The main advantages of biosensors include: 
 low cost and light weight 
 small size requiring only small volume of materials for testing 
 fast analysis on multiple samples  
 easy to use, portable and can be used by non-specialist  
 the sensitivity and selectivity greater than the current sensor technology.  
 
The superiority of cheap, user-friendly biosensors has the potential to revolutionise the 
practice of healthcare monitoring and point-of-care diagnostics. Biosensors have also been 
used in specialised applications including agriculture, food technology, environmental 
monitoring, industry and in the biomedical field [85], [86], [88]. Furthermore, growth in the 
field of biosensors has been phenomenal and according to the global biosensors market survey 
it is expected that significant growth from 15.4 billion USD in 2014 to 31.0 billion USD in 
2024 is expected through myriads of applications [90].  
 
 
2.1.1 Transducers and their applications 
Biosensors are typically categorised according to the transduction method they employ. There 
are four types of the transducers commonly used in biosensors, based on the principle 
involved [91]; these are electrochemical, optical, piezoelectric, and calorimetric transducers. 
This classification is illustrated in Figure 2.2.  
 
 
 2.1.1.1 Electrochemical biosensors  
Electrochemical biosensors were introduced by Clark and Lyons more than five decades ago 
based on the principle of the enzyme electrode with immobilised glucose oxidase [89], [91], 
[92]. The development of electrochemical biosensors have received great attention to date 
because it offers a great selectivity and sensitivity over other types of biosensors [92], [93]. 
In this configuration, the changes of electrical potential between immobilised biomolecules 





are four different types of electrochemical biosensors: amperometric, potentiometric, 
conductometric and impedimetric operating transducers. 
 
 
 2.1.1.2 Optical biosensors 
Optical biosensors are based on the changes of analytes on the basis of surface plasma 
resonance (SPR), Raman, FTIR, and light scattering [93], [94]. The reaction causes a change 
in fluorescence or absorbance due to change in the refractive index of the surface between 
two media that differ in density. For instance, if antibodies bind on a metal layer, the refractive 
index of the medium in contact with this layer will change. Since they are non-electrical, 
optical biosensors have the advantages of lending themselves to in vivo applications and 
allowing multiple analytes to be detected by using different monitoring wavelengths. Fibre-
optic probes add to the versatility of the biosensors due to their capacity to transmit signals 
that report on changes in wavelength, wave propagation, time, intensity, distribution of the 
spectrum, or polarity of the light. 
 
 
 2.1.1.3 Piezoelectric biosensors 
Piezoelectric biosensors are considered to be mass-sensitive detectors, also known as acoustic 
biosensors. The use of piezoelectric crystals is based on the principle of surface acoustic 
waves (sound vibrations) at resonant frequency. The common piezoelectric sensors are based 
on surface acoustic waves (SAW) devices and quartz crystal microbalance (QCM). The 
advantages of these mass-sensitive transducers are their ability to react to minimal changes of 
analyte weight attached on the piezoelectric surface and their low cost. In this condition, the 
interaction between analyte and the detector sets up mechanical vibration, which is converted 
to an electrical signal. Unfortunately, the drawback of this type of biosensors is lack of 
sensitivity and specificity when used in solution because the crystal may stop vibrating in a 



































Figure 2.2: Classifications of transducers employed in biosensor construction. The method of 























 2.1.1.4 Calorimetric biosensors 
Most enzyme-catalysed reactors are sufficiently exothermic to make calorimetric detection a 
practical proposition. There are two thermistors used to measure the temperature changes of 
circulating solution during biochemical reaction. Usually the immobilised enzymes are used 
as a suitable biorecognition element. Thermic reactions catalysed by enzymes are measured 
with a thermistor, which consists of metal oxide beads or discs. 
 
 
 2.1.2 Materials-based transducers 
The history of the development biosensors dates back to 1956 when Clark and Lyons 
demonstrated an enzyme electrodes for oxygen. Later, in 1962 they expand the range of 
analytes to glucose detection using dialysis membrane. This was followed by Guilbault and 
Montalvo’s discovery of a urea biosensor [95], and finally the first commercial biosensor was 
successfully launched in 1975 by the Yellow Springs Instrument Company. Ever since the 
development of the electrode-based biosensor, remarkable progress has been achieved in the 
field of biosensors. This is evident in the publication records, where there are more than ten 
thousand research articles on the biosensors topic.  
 
Advances in nanotechnology have led to the development of biosensor fabrication especially 
on bioanalytical applications. Moreover, the selection of electrode material plays a key role 
in ensuring high sensitivity and selectivity properties of the biosensors. There are various 
nanomaterials that have been considered to replace the electrode-based sensors, such as 
nanoparticles, quantum dots, nanowires (NWs), carbon nanotubes (CNTs), graphene and CPs, 
which have had a profound influence on biosensor performance.  
 
Amongst the metal nanoparticles, mainly gold nanoparticles (AuNPs) are used for biosensor 
application due to their high electrical conductivity, small size, biocompatibility, chemical 
inertness, fast electron transfers and high surface-to-volume ratio. This helps in providing a 
stable immobilisation activity [96]–[98]. Furthermore, the use of nanoparticles has improved 
electron microscopy scanning but is also a good candidate for optoelectronic applications for 
DNA diagnosis [98]. Fayazfar et al. have developed a novel DNA impedance biosensor with 





they succeeded in growing AuNPs on multi-wall carbon nanotubes(MWCNTs) through an 
electrochemical process [99].  
 
Whereas, quantum dots are inorganic nanoparticles with approximately less than 10 nm size 
that has unique properties such as broad excitation energy, narrow emission spectra, high 
photochemical stability and negligible photo bleaching. Alternatively, quantum dots have 
been used to fluorophores for optical biosensors in ions detection, organic compound, 
pharmaceutical analytes, and biomolecules. In fact, quantum dot have been widely used for 
multiplexed optical bioanalysis owing to ultra-high sensitivity, high specificity, cost 
effectiveness, and rapid analyte detection [82], [100].  
 
Since 2000, nanotubes (NTs) have revolutionised the electronic detection devices because of 
its ability to provide label-free and real-time, yet sensitive and selective detection of a wide 
range of chemical and biological analyte [100]–[102]. Carbon nanotubes (CNTs) were first 
discovered in 1991 during fullerenes preparation [103]. There are two types of CNTs: multi-
walled carbon nanotubes (MWCNTs) [103] described earlier and single-walled carbon 
nanotubes (SWCNTs) [104]. Most notably, CNTs offers several advantages over 
conventional carbon-based electrodes, such as high electrical conductivity, minimum surface 
fouling, chemical stability, and mechanical strength [101], [105]–[107]. Initially, electrodes 
based on carbon were widely used owing to inexpensive, possess good electron transfer 
kinetics and are biocompatible criteria. The CNT was successfully used in diagnostic devices, 
tissue engineering, biosensors and drug delivery [101], [105], [108]. On the other hand, 
graphene is a three dimensional (3D) form of carbon atoms arranged in a hexagonal lattice 
with potential applications in sensing devices [109], [110]. Graphene have been used in 
various biosensors-based concept depending on the sensing mechanisms owing to its high 
sensitivity, inexpensive, fast response and easy operation [109], [111].  
 
CPs are organic materials that are very stable, flexible, easy to synthesise, versatile, and 
inexpensive, with good conductivity, and they can be fabricated with various polymer 
matrices; this makes them a great electroactive material for sensing applications [20], [112]. 
Due to these unique features, most CPs are also being extensively used in biomedical 
applications such as drug delivery, neural probes, tissue engineering biosensors and bio 





substrates with high surface area in order to decrease their impedance in neural probe 
applications [20], [113], [114], timed release of drugs, anti-inflammatory drugs [115], tissue 
engineering [115], entrapment of molecules [23], biosensors [20], [23], [113]–[116] and DNA 
sensors [116] . 
 
In summary, it has been shown that the numerous developments in biosensors mostly rely on 
their specificity, material, sensitivity, fast response, non-toxicity, small size and low cost for 
specific applications. Innovation in the design of biosensors for the clinical diagnostics 
industry by the integration of biosensing device configuration and material selection is key 




2.2 Conducting polymer–based biosensors 
Polymers are made up of many molecules bound together to form long and repeating chains. 
The term polymer comes from the Greek word poly meaning “many” and -mer meaning 
“segment or parts”. Polymers are often referred to plastics, such as nylon, and rubbers, as they 
can be shaped or moulded for household, electronics and packing industries.  
 
CPs, on the other hand, also known as “synthetic metals” are organic polymers that conduct 
electricity. The attractiveness of CPs relies on their ability to act as an effective material for 
immobilisation of biomolecules and to improve the biosensor performance in terms of 
sensitivity and specificity [26]. CPs have received significant interest for their physical, 
mechanical, chemical and electrical properties and find many practical applications such as 
thin film transistors, antistatic coatings, light emitting diodes, fuel cells, computer monitors, 
batteries, corrosion-resistant coatings, supercapacitors, sensors, biosensors and most recently 
in biomedical applications [20], [23], [26], [39], [45], [117], [118]. Research on CPs for 
biomedical and tissue engineering expanded greatly after the 1980s because the properties of 
these materials can be tailored and made compatible with many biological molecules.  
 
The very first reporting on organic conducting polymers [poly (acetylene)] behaving as 





his co-workers wrote on the synthesis and characterisation of a poly (acetylene) doped with 
halogen producing remarkably high conductivity [119], [120]. For this discovery, they were 
awarded the Nobel Prize in Chemistry in 2000. Following this discovery, a new class of 
organic CP materials were developed, such as polypyrrole, polyaniline and polythiophene  
(Table 2.1) [26]. Nowadays, many articles, reviews and books have been published covering 
the use of CPs in wide areas of device research and material sciences for better understanding.  
 
 
Table 2.1: Chemical structures of representative CPs and those most commonly explored 
for biomedical applications. 
 
 
 2.2.1 Doping  
It has been reported that the electrical properties of CPs can be tuned either by chemical or 
electrochemical modification or by atomic– or molecular–scale doping [30], [47], [124]. 
Doping has been widely used for various conjugated polymers. It was found that dopants play 













































CPs are usually chemically synthesised by blending the monomer solution with an oxidising 
agent. This process produces a very thick film or powder of the polymer and suitable for 
commercial production [20]. The advantages of this synthesis method is that it can be applied 
to all types of CPs including the polymers that cannot be synthesised by the electrochemical 
method. Inappropriately, this method will generate lower electrical conductivities than those 
CPs produced via electrochemical synthesis. There are numbers of factors that affect the 
conductivity of the CPs such as type of solvent, stirring rate, reagent concentration, time and 
temperature.  
 
Alternatively, the CPs can be synthesised using electrochemical method by applying an 
electrical current through electrodes in the solution containing diluted polymeric monomer 
and solvent [26]. The advantage of this technique that it can produce a very thin film as thin 
as 20 nm and well–controlled morphology [20]. The electrical current leads to film deposition 
and oxidisation on the working electrode that produce insoluble polymer chains. Normally, 
the deposited film is affected by several of factors such as temperature, deposition time, 
electrode system, doping and solvent agents [26].  
 
In general, materials can be categorised into three classes depending on the electrical 
conductivity: insulators, semiconductors and conductors. An overview of the broad 
conductivity ranges of CPs, metals, semiconductors and insulators is given in Figure 2.3. The 
most essential property that distinguishes polymers from metals is their electrical 
conductivities. The electrical conductivity for metals is very high and is generally in the range 
of 103–108 Scm−1 while a good insulator’s conductivity is as low as 10−18 Scm−1, and 
semiconductors have conductivities ranging between conductors and insulator. In contrast, 
the electrical and optical properties of CPs can be modified from insulator–to–metal 
transition by changing the doping concentration [125]. The progress in doping method offers 
wide range opportunity for switching semiconducting properties in many optoelectronics 
applications such as light-emitting diodes (LED), photoresistors organic-polymer–based 








Figure 2.3: Conductivity of CPs can cover the whole insulator–semiconductor–metal region 
by changing the degree of doping [125].  
 
 
2.2.2  Poly (3,4-ethylenedioxythiophene): polystyrene sulfonate, 
PEDOT:PSS 
PEDOT:PSS is a CP made from a mixture of two ionomers, namely poly (3,4-
ethylenedioxythiophene) and polystyrene sodium sulfonate. The combination of PEDOT and 
PSS macromolecules formed a very stable water-soluble CP. The chemically polymerised 
PEDOT: PSS was first discovered by Jonas and Schrader at Bayer AG research laboratories 
in Germany in 1988 [126]. PEDOT:PSS has been applied in light-emitting diodes [31], [126], 
[127], solid electrolyte capacitors [128], antistatic coatings [129], transistors [29], [31], [130], 
photovoltaic cells [31], [127], [131] and conductive textile [132]. Moreover, PEDOT: PSS is 
a potential candidate to replace indium tin oxide (ITO) due to its flexibility, ease of 
processing, inexpensive and good optical properties, and is a widely used material as a 
transparent electrode [133], [134]. Nevertheless, more novel ideas must be found to further 
improve the electrical conductivity of PEDOT: PSS with additives such as dimethyl sulfoxide, 
glycerol and ethylene glycol. Kim et al. reported that the electrical property of PEDOT: PSS 
can be enhanced by about two orders of magnitude due to the effect of organic solvents on 
the conduction band of the polymer chain [135]. Meanwhile, Xue et al. reported that the 
performance of poly(3-hexylthiophene) (P3HT) thin-film transistors (TFTs) modified with 
PEDOT-PSS as source and drain electrodes has similar characteristics to those devices with 
gold contact material [130].  
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2.3  Hydrogel-based biosensors 
Hydrogel-based biosensing has attracted significant attention due to its unique characteristics 
over to the conventional biosensors. Currently, hydrogels are widely utilised in contact lenses 
manufacturing, hygiene products, tissue engineering scaffolds, drug delivery systems, and in 
wound healing. Hydrogels are hydrophilic three-dimensional (3D) polymeric networks. 
Initially, hydrogels are normally protein based and come from natural origins such as collagen, 
fibrin, chitosan, dextran, hyaluronic acid (HA) and alginate. These polymers are inherently 
biocompatible, biodegradable and bioactive [136], [137]. However, their use are limited 
owing to water solubility and poor mechanical properties. These limitations can be overcome 
through either chemical or physical crosslinkers [138]–[140].  
 
A great number of research paper and review studies have shown that hydrogel-incorporated 
biomolecular biosensors can be an excellent alternative system to detect a wide range of 
biomolecules [141], [142], pathogens [143], enzymes, [137], [144] proteins [145], neurons 
[140], [146] and genes [146]. This hydrogel polymer can be produced into a number of device 
sizes and shapes that potentially for integration into a sensing device [144], [147]. The 
technique of surface patterning of hydrogel not only produces excellent non-fouling properties 
but is also effectively used to control and promote cell attachment [148], [149].  
 
 
2.4   Conducting Polymer hydrogel based biosensor 
Recently, conducting hydrogels have drawn considerable attention in the field of biosensors 
and biomedical devices [25], [26], [34]. The biosensors used for the biological research are 
prepared using the conducting hydrogel polymers based on polyaniline (PANI), poly( 3, 4- 
ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy), due to their unique properties such 
as high stability, good conductivity, facile polymerisation and biocompatibility [25], [26], 
[34], [150]. Moreover, the combination of conducting polymer and hydrogel could potentially 
be used as electro-sensitive biomaterials in tissue engineering as their ability to mimic tissue 
components and at the same time provide electrical stimuli in the system.  
 
In this work, we used PEDOT:PSS as a conducting element to create a conductive substrate 





to sense the cell reactivity as a function of cell electrical conductivity. PEDOT:PSS is one of 
the most successful polymers owing to its biocompatibility with biological systems, excellent 
environment stability and high electrical conductivity properties. In addition, this unique CP 
features enable the fabrication of flexible electronic devices in low-cost methods such as soft 
lithography, drop casting, dipping, spin coating, spray coating, inkjet printing, and screen 
printing [29].  
 
Physically, PEDOT:PSS exhibits fragility, has poor mechanical properties and is not suitable 
for tissue engineering when used on its own. By blending PEDOT:PSS with chitosan, 
elastomer and gelatin, results in a more CH with improved imprinting quality, chemically 
stability, enhanced mechanical properties, good electrical conductivity, in addition to 
biocompatibility and biodegradability [34], [35], [37], [42], [151], [152]. From the previous 
studies, the electrical properties of PEDOT:PSS can tune cellular behaviour such as adhesion, 
migration, proliferation, and differentiation through electrical stimulation [32]. Thus, the 
integration of hydrogel into PEDOT:PSS helps to trigger the cells’ desorption [153]. 
Conducting biomaterials are excellent candidates in tissue engineering for the development 




2.5 Electric Cell–substrate Impedance Sensing (ECIS) 
Electric cell–substrate impedance sensing is a real–time, label–free, and non–invasive method 
to investigate cellular behaviour such as adhesion, growth, proliferation and motility on the 
electrode surface [154]. The concept of using the ECIS measurement of a cell monolayer was 
first documented in 1991 by Giaever and Keese [155]. They have monitored the micromotion 
of fibroblast cells on gold electrodes with an applied electric field in the impedance system.  
 
Alternatively, the standard methods that widely used for cell-based assay monitoring includes 
using trypan blue exclusion test, fluorescent staining, crystal violet, coomassie brilliant blue, 
MTT assays and atomic force microscopy [156], [157]. Trypan blue tests is a simplest method 
to determine live and dead cell in culture sample. Unfortunately this procedure impair the cell 





dead cells.  It also incapable to be used for large number of sample and require time consuming 
after the staining process.  Fluorescent labels are different because they are used to stain 
components of living cells. The use of fluorescent labels can provide highly accurate results 
about cellular viability and require sophisticated equipment. Crystal violet and coomassie blue 
is the most common, easier and cheaper method to stain protein. However, the protocol 
requires time to remove unwanted stain form the sample. In a MTT assay, a dye is added to 
the cells, which changes colours upon reduction by enzymes present in live cells. The colour 
change can then be used to show changes in cell viability. The disadvantages of this method 
that the labels will alter the natural state of the cells and need post analysis with specific tool 
for the analysis. In comparison from the dyes method, atomic force microscopy (AFM) is a 
very powerful and expensive instrument to measure cell behaviour such as viability, adhesion 
and topography [157]. The major disadvantage of AFM is that it can only obtain the surface 
of the sample information and has scanning speed limitation, requiring several minutes for 
typical scan. Furthermore, there is possibility of image artefacts due to sharp tips cantilever 
and poor operating environment.  
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The sharp contrast use of ECIS that is allows for the monitoring the changes of cellular 
adherence and viability as a function of electrical properties from the beginning of the 
experiment and continuously throughout the experiment. To date, the conventional and 
commercial ECIS system has been successfully demonstrated for wound healing with several 
cell lines such as myoblasts, fibroblasts, osteoblasts and endothelial on gold electrode [158]–
[161]. The conventional ECIS system consists of gold electrodes in the bottom of the cell 
culture dishes, connected to the impedance analyser machine that controls, measures and 
stores the data. Figure 2.4 and 2.5 illustration a schematic diagram and the equivalent circuit 
of ECIS system without/with cell within a sweep frequency range. The electrical impedance 






                                                         (2.1)  
 
Figure 2.4 (a) shows the without cell system immersed in culture medium. The solid blue 
arrows indicate that the current flows unrestrained from the surface of the gold electrodes. 
The equivalent circuit can be described as: R1 is an electrode resistance in parallel with the 
dielectric capacitance (C Elec) of the electrode are connected in series with the resistance of 








Figure 2.4: ECIS system without cell in culture medium (a) a schematic diagram of 
unrestricted electric current path from gold electrode surface and (b) equivalent circuit of cell-
free medium system. 
 
 
When cells are seeded and attach to the ECIS electrodes arrays, the increases in the impedance 
due to the cells response because they act like insulator/dielectric elements to the system. As 
cells grow and covering the electrodes, the current flow was affected to the number of cells 
covering between the electrodes and the changes in impedance fluctuated with cultivation 
time. In addition, the degree of the impedance change is determined by number of cells seeded 
on the electrode, cell–cell interaction, cell morphology and motility. As in Figure 2.5 (a), 
the solid blue arrows indicate the current path through the cell membranes at low frequency 
[160], [162]. While high frequencies, a current path (red dashed straight arrows) moving in 
the solution spaces between the electrode and the plasma membrane, then moving through 















Figure 2.5: ECIS system with cell in culture medium (a) a schematic diagram of an electric 
current path flow passing from the electrode through/between the cells at low and high 
frequency (b) equivalent circuit after cell seeding.  
 
 
As can be seen in Figure 2.5 (b), the equivalent circuit of ECIS measurements on intact cells. 
The best fitting of the cell-culture medium system can be presented to CCELL the capacitance 
of the biomolecule adsorption layer and cells on the electrode surface is connected in parallel 
with a cell resistance (RCELL).  
 
Recently, impedance-based sensing technology has gained a great deal of attention for 
medical diagnosis, monitoring drug-induced cytotoxicity and cellular events at implant sites 
[163], [164]. There are many commercial ECIS systems available in the market with various 
designs and electrode sizes, such as BioPhysics (http://www.biophysics.com), ibidi 
(https://ibidi.com) and ACEA Biosciences, Inc (https://www.aceabio.com. These companies 
provide ECIS systems to researchers for drug research, clinical diagnostics and laboratory 
facilities. These products provide excellent ECIS platforms systems to researchers for 
demonstrating the ability to measure large changes in impedance in cellular studies. However, 
the disadvantage of these systems is that both are require dedicated laboratory space for 
operation and large size of electrodes. The devices are not portable and cannot be integrated 
























Materials and Methods 
______________________________________________ 
 
This chapter describes the various materials and methods that were utilised in performing the 
research presented in this thesis. It begins with an overview of the major materials used, 
followed by a description of the main methods and equipment employed for cell-culture 




3.1 Materials  
Phosphate buffered saline (PBS) tablets (Sigma Aldrich), polydimethylsiloxane, PDMS 
(Sylgard 184, Dow Corning Corp.), 0.1% w/w hydroxypropylmethylcellulose, HPMC 
(H8384, from Sigma Aldrich), 0.05% trypsin-EDTA, 10% sodium dodecyl sulphate, 25% 
glutaraldehyde (G5882-50ML, Sigma-Aldrich) diluted to 2.5% in deionised water, 0.4% 
trypan blue solution (T8154, Sigma Aldrich), hexamethyldisilazane, HMDS (reagent grade 
≥99%, Sigma Aldrich), 0.2% crystal violet with 20% ethanol in deionised water, GlutaMAX 
(11995-065, Sigma Aldrich), ethanol (analytical grade, from LabServ), 
penicillin/streptomycin 100x (Gibco (via Invitrogen)),negative photoresist AZ 1518 and 
developer MIF 326 (MicroChemicals GmbH). 
 
 
3.2 Cell culture protocol 
Tissue culture technology has found wide applications in the field of biochemistry, 
biomedicine and biotechnology since it was invented at the beginning of the twentieth century 
[4]. Cell culture is a procedure for growing or maintaining cells in vitro under controlled or 
aseptic conditions. In this research, the cell culture protocols were performed according to the 
institutional guidelines of the Christchurch School of Medicine and Health Sciences, 
University of Otago, New Zealand as shown in Figure 3.0 (a) to (h). Mouse myoblast, C2C12 




cell line was used and obtained from the University of Otago. Myoblast cell line was selected 
for this research because they offer higher proliferation rates and robust baseline viability 
[165]. Before the cell cultures were realised, all solutions and equipment had to be sterilised 
and stored at an appropriate temperature.  
 
In the physical containment level 2 (PC2) laboratory, the frozen cells cryovial was thawed by 
gentle agitation in a water bath at temperature 37 ℃ (Fig. 3.1 (a)). After defrosting for about 
two minutes, the cryovial was removed and sprayed with 70% ethanol for decontamination. 
It was then placed in a laminar flow tissue culture hood and all aseptic conditions were strictly 
followed. The cryovial lid was unscrewed and the contents were transferred into a 25 cm3 
tissue culture flask containing Dulbecco’s modified Eagle’s medium (DMEM, Life 
Technologies) supplemented with 10% fetal bovine serum (FBS, Life Technologies), 1% 
Fungizone (Life Technologies) and 1% penicillin-streptomycin (P/S, Life Technologies) (Fig. 
3.1 (b)). In fact, the cell culture medium was an important factor that influenced the cell 
growth. It was then incubated at temperature 37 ℃ with a concentration of 5% CO2 until it 
reached 80–90% confluency (Fig. 3.1 (c)). Cells were checked microscopically daily to ensure 
they were healthy and growing as expected. The working medium was replenished every two 
days during the culture period for maximum cell growth. Attached cells should have been 
mainly attached to the bottom of the flask, round and plump or elongated in shape and 
refracting light around their membrane.  
 
As cells reached confluency, they were sub-cultured or passaged to decreased mitotic index 
and cell death. The culture medium was discarded from the culture flask and rinsed twice with 
PBS (pH 7.4) solution to remove any unattached cells. A 5mL of 0.5% trypsin-EDTA solution 
was pipetted until it covered the flask surface and this was left in the incubator for 10 to 15 
minutes for the detaching process (Fig. 3.1 (d)). The detached cells were transferred into the 
centrifuge tube and spun down at 1500 rpm for 5 minutes (Fig. 3.1 (e) & (f)). The supernatant 
was aspirated from the cell pellet, then the pellet was re-suspended in an appropriate volume 
of growth medium in order to deactivate the trypsinisation process and to prevent cells from 
dehydrating (Fig. 3.1 (g) & (h)). A volume of 10 µL of cell suspension was pipetted into a 
hemocytometer to determine the cell number and concentration in the cell medium.  
 
 





Figure 3.1: Schematic diagram of cell culture protocol: (a) thaw the frozen cell in a 37 ℃ 
water bath, (b) transfer vial contents into 25cm3 tissue culture flask, (c) incubate at 37 ℃, 5% 
CO2 until 80–90% confluency (d) remove culture medium, rinse with PBS solution and add 
5mL of 0.5% trypsin EDTA (e) incubate for 10 to 15 minutes to detach process and dispense 
disassociated cells into centrifuge tube, (f) spin at 1500 rpm for 5 minutes, (g) aspirate off 
supernatant, and (h) add an appropriate expansion growth medium in a cell pellet.  
 
 
 3.2.1  Cell counting 
Cell viability can be tested by using the trypan blue exclusion method. Initially, 0.4% trypan 
blue was used to distinguish between live and dead cells. Trypsinised cells were stained with 
100 µL of 0.4% trypan blue in 100 µL of PBS (pH7.4). After three minutes, 10 µL of cell 
suspension was pipetted into the V-shaped well of the hemocytometer. The cell counting 
chamber was then placed on the inverted light microscope stage with a 10x objective. The 
live cells have intact cell membranes that exclude trypan blue dyes causes viable cells 
appeared clear and shiny. While, the dead cells will absorb these dyes and they were stained 
blue. The number of live or dead cells were only counted within a four-red-square boundary 
straight line as shown in Figure 3.2. The number of cells /mL was calculated by the average 
of cell number per square x dilution factor × 104 /mL.  
(a) (b) (c) (d) 
(h) (f) 









Example of calculation:  
 
=    Total number of cells in square (A+B+C+D)   
        4 
 








Figure 3.2: Hemocytometer diagram indicating four set of 16 squares that should be used for 
cell counting. 
 Live cell  count 
 Dead cell  Don’t count 
× Dilution factor x 104 /mL 




 3.2.2  Cryopreservation protocol 
A freezing procedure is the best way to preserve or generate sufficient cell stock for use at 
later date. As usual, the culture medium was aspirated from the 25 cm3 culture flask when the 
cell confluency reached 80–90%. It was then rinsed twice with PBS solution and pipetted with 
0.5% trypsin solution on the cells until all cells began to detach. The disassociated cells were 
removed in a 15 mL tube and centrifuged at 1500 rpm for five minutes. The supernatant was 
aspirated and the cell pellet resuspended in the freezing medium of 10% DMSO/ 80% FBS/ 
10% cell medium DMEM. This cell suspension was dispensed into a 1.5 mL cryovial, placed 
in a Nunc freezing container and quickly stored at a temperature of –80 ℃ in a freezer. After 




3.3 Fixation methods  
There are several reagents that can be used to fix the cells. In this research there are four types 
of fixative solution used for replication and imaging purposes, namely paraformaldehyde, 
glutaraldehyde, crystal violet and fluorescence staining. The idea behind these methods is to 
halt cell decomposition, freeze cellular proteins and subcellular structures. 
 
 
 3.3.1 Paraformaldehyde  
In this method, paraformaldehyde is used to form a crosslink between protein in tissues and 
the surroundings. Formaldehyde is by far the most popular agent used for histopathology due 
to its simple and fast method, which usually provides the best preservation for cellular proteins 
and have made it useful as a general purpose fixative. Cell cultured substrates were washed 
twice with PBS (pH7.4) solution and covered with 4% paraformaldehyde solution for 30 
minutes at room temperature. Following fixation, cells were washed with sterile water at least 
three times to remove the PBS salt. Then, fixed cells were kept at 4 ℃ overnight for the drying 
process before the bioimprinting processes or imaging.  
 




 3.3.2 Glutaraldehyde  
As an alternative to paraformaldehyde, cells can be fixed by using glutaraldehyde. 
Glutaraldehyde is widely used for ultrastructural studies requiring electron microscopy and 
requiring a long time protocol. When cells were ready for the fixation process, they were 
washed twice with PBS (pH 7.4) solution to remove unwanted debris. Then, cells were fixed 
with 2.5% of glutaraldehyde in 0.1 M PBS (pH 7.4) solution for two hours at room 
temperature. The fixative was removed and cultures were replaced in 70%, 85%, 95%, 100% 
ethanol for five minutes and finally in HMDS for five minutes. 
 
 
 3.3.3  Crystal violet assay 
Crystal violet is one of the simple and versatile methods that stains adherence cells on the 
substrate and make them visible to the eye. Crystal violet is a purple dye – the mixture of 
0.2% crystal violet solution in 2.0% ethanol acts as a fixative and keeps cellular structures 
intact. The protocol used provided a quick screening method for the examination of cell 
survival and growth inhibition.  
 
When cells were ready for staining, the cell culture medium was aspirated from the culture 
flask. Then, samples were washed twice with PBS (pH 7.4) solution and stained with crystal 
violet dye for 30 minutes at room temperature. After that, the purple dye was discarded and 
the excess stain removed by washing repeatedly with tap water until the colour of the water 
changed from blue into clear blue. 
 
 
 3.3.4 Fluorescent staining 
When using the fluorescence microscope technique to study cells, it is essential that the cell 
structure and content are preserved before imaging. The cells were fixed with 4% 
paraformaldehyde for 45 minutes at room temperature, followed by a wash with PBS (pH 7.4) 
solution four times. Then, the cells were covered with plasma membrane dye and placed in a 
4 °C room overnight. This staining was essential to observe cellular functions such as mobility 
and contraction of cells during proliferation. After primary antibody incubation, the cell’s 




nucleus was labelled with Hoechst 33258 DNA dye for 30 minutes and washed three times 
with PBS (pH 7.4) solution. Fluorescence microscopy and confocal fluorescence imaging was 
performed using Leica DMI4000B and Zeiss Axio Imager epifluorescence microscope (Carl 
Zeiss Meditec AG, Jena, Germany) and image analysis was performed using Image J 
software.   
 
 
3.4 Contact angle 
Contact angle analysis was used to measure the property of a solid surface known as 
wettability. Contact angle indicates the degree at which a liquid, usually deionised water 
interacts with a solid surface. This measurement plays an important role in a wide range of 
applications including the coating industry [166], textiles [167], printing [168], biological cell 
study [77] and in the renewable energy solar cell industry [169]. There has been an increasing 
interest in the study of wettability of surfaces and their influence on cell adhesion and spread, 
due to their potential in tissue engineering and biomedical applications [77].  
 
Wettability, hydrophilicity and hydrophobicity are closely related phenomena, and wettability 
gives information about the hydrophilic or hydrophobic properties of the solid surface. The 
definitions of “hydro” in Greek word means water, so “philicity” means bonding, and 
“phobicity” means lack of bonding [170].  
 
 
Figure 3.3: Illustration of various contact angles: (a) the condition θ = 0˚ indicates that solid 
surface is superhydrophilic, (b) 0˚≤ θ ≤90˚ indicates hydrophilicity, (c) 90˚ ≤ θ ≤150˚ is 
hydrophobicity and θ ≥ 150˚ is superhydrophobic [170], [171]  
 
 
Figure 3.3 shows the illustration of various possibilities for contact angles when water spreads 
on a solid surface. It can be seen that if the water contact angle is 0˚, this indicates that the 
b) 0˚≤θ≤90˚ c) 90˚≤θ≤150˚ d) θ≥150˚ a) θ=0˚ 




solid surface is superhydrophilic and wetting well, while for contact angles less than 90˚ it 
shows that the surface is hydrophilic and favourable for water. If the angle is between 90˚ and 
150˚ the surface is said to be a hydrophobic surface or low wetting. If it is greater than 150˚ 
the solid surface is superhydrophobic or non-wetting [168], [170]. 
 
In this research, the water contact angle measurement was carried out with a high speed 
contact angle measurement device telescope goniometer–CAMP 2008 KSV system at 
Nanofabrication Laboratory, University of Canterbury (Figure 3.4). Deionised water was used 
in measuring the water contact angle to deduce the hydrophobicity or hydrophilicity of the 
surface. A 5µL sample of deionised water was dropped on the substrate surface and the image 




Figure 3.4: Telescope goniometer–CAMP 2008 KSV system for water contact measurement. 
 
 
  3.5 State of the art of monitoring technologies   
In this research, all fabricated and experimental samples were visualised by using various 
microscopy technologies: atomic force microscopy, fluorescence microscopy, and optical 




microscopy methods. These imaging analysis microscopies were used for characterizing 
surface topography and cell morphology.  
 
 
 3.5.1 Atomic Force Microscopy 
Atomic force microscopy (AFM) is a powerful imaging technique to study the surface 
topography and cell morphological structures at sub-nanometre resolution without the use of 
potentially interfering fluorescent labels. This technique was discovered in 1985 by Nobel 
Prize winners Gerd Binnig, Christoph Gerber and Calvin Quate in Zurich. Figure 3.5 show 
the schematic diagram of an AFM system. The main elements comprise a cantilever with a 
sharp tip that raster scans across the sample surface using a piezoelectric tube controlled by 
computer. The cantilever tip taper is made of silicon nitride, typically with less than 10 nm 
radius of curvature. The deflection of the cantilever is monitored using an optical detection 
system in the form of a laser that reflects off the back of the cantilever and onto a photodiode 
detector. A feedback loop maintains a constant tip-sample force.  
 
 
Figure 3.5: Schematic diagram of AFM system. A cantilever with sharp tip at the end is rigidly 
connected to the piezoelectric tube. The optical shaft consists of a laser beam focused on the 
top of the cantilever-tip assembly which is reflected to the quad photodiode detector array.  
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There are three different types of operating mode: contact mode, dynamic mode and non-
contact mode. In contact mode operation, the tip scans in close contact with the sample surface 
as shown in Figure 3.6. The movement of the tip is strongly influenced by frictional and 




Figure 3.6: Schematic illustration of contact mode. The force between the tip and surface is 
constant, which can damage the sample surfaces. 
 
 
Figure 3.7 illustrates the dynamic or tapping mode, which is the most common mode for 
imaging surface topography at high resolution. This mode of operation is less destructive than 
contact mode because it eliminates the frictional and adhesion force by intermittently 
contacting the sample surface. The other advantage is that it is very useful for imaging very 






Figure 3.7: Schematic illustration of dynamic or tapping mode. The tip basically touches the 
sample surface of each swing and results in a surface topography being scanned. 
 
 
In non-contact mode, the tip does not touch the sample surface as shown in Figure 3.8. This 
operation mode detects the Van der Waals forces acting between the sample surface and tip 
during scanning.  However the forces from the sample are substantially weaker than the forces 
used in contact mode. 








Figure 3.8: Schematic illustration of non-contact mode. The tip would hover above the surface 
of the sample. 
 
 
In this work, the Digital Instruments (DI) 3100 Nanoscope III AFM from Vecco Instruments 
Inc. as shown in Figure 3.9 was used for imaging. Fixed cells and imprint samples were 
imaged in tapping mode, which provides a resolution on the nanoscale. X, Y and Z axial limits 
of 100 µm × 100 µm and 6 µm, respectively with a resolution of 256 × 256 pixels. All images 
were taken at multiple sample positions and presented in an amber colour contrast scheme, 
and were then processed using the Gwyddion software. 
 
 
Figure 3.9: Digital Instruments (DI) 3100 Nanoscope III AFM from Vecco Instruments Inc. 
in the Nanofabrication Laboratory, University of Canterbury, used for imaging surface 
topography and cell morphology. 
 




 3.5.2 Light microscopy 
There are two types of light microscopes used in this research to visualise images. These are 
brightfield microscopes and fluorescence microscopes. The light microscopes can be used in 
combination for diagnostic and research.  
 
 
 3.5.2.1 Brightfield microscope 
An optical microscope, also known as brightfield microscope was mainly used in this research 
to visualise the sample, cell culture progress and substrates. The optical microscope uses 
visible light and a system of lenses to magnify images of small objects with a range from 4× 
to 100×. The majority of images taken in this work used the Nikon 80i microscope, as shown 




Figure 3.10: Nikon 80i microscope in Nanofabrication Laboratory, University of Canterbury 
for visualizing the sample, cell culture progress and substrates at the microscale.  
  




Figure 3.11 shows schematic illustrations of the optical microscopy systems. As shown on the 
schematic diagram, the sample is placed on the glass slide and clipped to the microscope stage. 
Then the sample is positioned under the light source using X-Y-Z mechanical stage knobs. 
There are five different objective lens to lower or increase magnifications, these are: 4×, 10×, 



















Figure 3.11: Schematic illustration of optical microscope system. 
 
 
 3.5.2.2 Fluorescence microscopy 
The fluorescence microscope is also an optical microscopy technique but it uses fluorophores 
to image, as opposed to absorption, scattering or reflection. Fluorescence uses a type of dye 
such as nucleic acid dyes 4′, 6′-diamidino-2-phenylindole (DAPI), FITC and acridine orange. 
These dyes are used to mark plasma membrane, nucleus and cells with a fluorescent label for 
















energy from a light source (often ultraviolet) and re-emitting that energy as visible light of 
shorter wavelength. Fluorescence microscope is a very useful in clinical microbiology 
research and they range from very simple systems such as an epifluorescent microscope, to 
extremely complex such as confocal systems. Figure 3.12 shows the schematic illustration of 
a fluorescence microscope system. In this research, the fluorescent stained samples were 
visualised with Zeiss Axio Imager epifluorescence microscope (Carl Zeiss AG, Germany) as 

















Figure 3.12: Schematic illustration of fluorescence microscope system. 
  



















3.6 Film characterisations  
The physicochemical properties of the synthesised CH films were characterised by using 
ultraviolet–visible spectroscopy (UV-Vis) to determine the optical properties of the samples, 
Fourier transform infrared spectroscopy (FTIR) to analyse the chemical structure, thermal 
gravimetric analysis (TGA) to evaluate the physical changes of the films as a function of 
temperature and X-ray photoelectron spectroscopy (XPS) to examine the electronic elements 
of the material.  
 
 
 3.6.1 Ultraviolet–Visible (UV-Vis) Spectroscopy  
Ultraviolet–visible spectroscopy (UV-Vis) is used to measure the absorption or transmittance 
of light across a sample in the ultraviolet and visible light wavelengths. UV-Vis analysis is 
also commonly used for various applications such as solar cells, sensors, integrated circuits 
and batteries. In general, the total absorbance results from light transmittance losses due to 
reflection, scattering, and absorption of the incident light. Hence, the absorption measurement 
obeys the Beer–Lambert law, as given in Equation 3.1 [172]: 
 
 




                                     A=log10 (I0/I) = εlc                                      (3.1)    
Where,   
A = the absorbance, 
I0 = the intensity of the incident light at a given wavelength  
I = the transmitted intensity 
ε = the molar absorptivity coefficient,  
l = the path length (cm), 
c = the concentration of the absorbing species. 
 
 
Figure 3.14: UV-Vis spectrophotometer (Agilent Cary 6000i) used for absorption or 
transmittance measurements.  
  











For the purpose of this study, UV–Vis absorbance spectra of the CH films were confirmed by 
a UV–Vis spectrophotometer (Agilent Cary 6000i), as illustrated in Figure 3.14. After 
creating baseline data, the prepared films were inserted into the sample holder. The 
absorbance spectra were recorded using UV–Vis in the wavelength range between 300 nm 
and 800 nm. This machine was located at the College Sciences, University of Canterbury, 
New Zealand.  
 
 
 3.6.2  Fourier Transform Infrared (FTIR) Spectroscopy  
Fourier transform infrared (FTIR) spectroscopy was used to analyse the chemical bonding 
and functional groups of the film in a dry state. In this research, the existence of PEDOT:PSS 
in a CH matrix was verified by an FTIR spectrometer ALPHA from Bruker Optics equipped 
with single reflection diamond attenuated total reflectance (ATR) from Graseby Specac 
(Kent, U.K) and supported by OPUS Mentor software as shown in Figure 3.15. To perform 
FTIR, the films were cut into (0.5 × 0.5) cm samples and placed on the ATR platform. Then 
the film was pressed with a compression tip to ensure it was in contact with the ATR diamond. 
This machine was located at the College of Sciences, University of Canterbury, New Zealand. 
Each spectrum was recorded as the average of 16 scans at a resolution of 4 cm-1 in the range 
between 4000 and 500 cm-1.  
 
 
Figure 3.15: FTIR spectrometer ALPHA equipped with diamond attenuated total reflectance 
(ATR) for analysing chemical component in material.  




 3.6.3 Thermal Gravimetric Analysis (TGA) 
Thermal stability of the prepared CH was analysed by TGA in order to measure any changes 
in mass as a function of temperature. This technique can analyse thermal events like 
decomposition and residual weight of the material. Approximately 10 mg of the dried sample 
was heated in a platinum crucible under nitrogen, N2 atmosphere at a heating rate of −5 ℃/ 
minute from 25 ℃ to 600 ℃. Figure 3.16 shows the STA 449F1 Jupiter® (NETZSCH-
Geratebau GmbH, Selb, Germany) located at the College of Sciences, University of 




Figure 3.16: STA 449F1 Jupiter® used to measure the film weight changes within the range 
from 25 ℃ to 600 ℃. 
 
 
Figure 3.17 shows the schematic diagram of thermogravimetric analysis. It consists of a 
furnace, and electronic microbalance, temperature programmer and a computer. Initially, 
about 10 mg of sample is loaded in a small sample crucible and analysis was carried out by 
increasing the temperature slowly in a specific inert gas such as nitrogen, argon or helium at 
certain heating rate. The thermogravimetric apparatus analyses the changes in mass of the 
films as a function of temperature with a specified gas environment and heating rate.  
 







Figure 3.17: Schematic diagram of thermogravimetric analysis consisting of furnace, 
temperature programmer, computer, and temperature and humidity sensors.  
 
 
 3.6.4 X-ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS), also known as electron spectroscopy for chemical 
analysis (ESCA) is a powerful tool used for analysing the surface chemistry composition of a 
material. In this research, the surface analyses were conducted using a Kratos Axis Ultra DLD 
XPS equipped with a hemispherical electron energy analyser as shown in Figure 3.18. 
 
The XPS analysis was performed by Dr Colin Doyle at the University of Auckland. The 
spectra were recorded by using monochromatic Al Kα X-rays (1486.69 eV) with the X-ray 
source operating at 100 W [173]. The measurements were carried out in a normal emission 
geometry. The analysis chamber was at pressures in the 10−9 torr range throughout the data 
collection. XPS peaks were analysed to determine the presence of conductive and hydrogel 
























3.7 Electrode fabrication 
The electrode fabrication process starts with designing a photomask then the pattern is 
transferred through a photolithography process and finally a gold layer is deposited using an 
electron beam evaporation system.  
 
 
 3.7.1 Mask design  
The first step in electrode fabrication is designing an optical mask or photo mask for the 
electrode patterns. These patterns are drawn by using a CAD software package, L-Edit Pro 
v14.3 (Tanner Inc.). Then, the layout patterns are uploaded into a Heidelberg PG 101 Laser 
Writer, as shown in Figure 3.19. The mask writer machine uses a 405 nm wavelength laser 
beam to define patterns onto the mask’s substrate (mask plate). Once exposed to the laser 
beam, the 4-inch (12-cm) or 3-inch (7.5 cm) glass substrate pre-coated with AZ1518 resist, 
were written with the required patterns. Next, the mask pattern was developed by gently 
agitating in MIF AZ326 developer for one minute followed by etching in chrome etchant for 




one minute, and finally the remaining resists were removed with acetone solution for one 
minute. 
 
Figure 3.19: Heidelberg PG 101 Mask Writer for making photo mask. 
 
 
In this research, the microelectrode masks were designed with different electrode widths and 
gap dimensions. Different parameter (width and gap size) combinations were analysed to 
evaluate the effect of electrode specifications on the sensitivity of the sensor, as shown in 












Figure 3.20: Sample of the fabricated chrome mask with the different electrode width and 
gap sizes.  




 3.7.2 Photolithography technique 
Photolithography technique is a process of transferring the design of a pattern from a 
photomask to a photoresist-layer coated substrate. This technique uses five process steps: 
wafer cleaning, photoresist coating, UV exposure, pattern development and hard bake.  
 
In Figure 3.21 shows a schematic diagram of the photolithography technique. In Figure 3.21 
(a) the wafer surface is chemically cleaned with three types of solvent: acetone, methanol and 
isopropanol in an ultrasonic machine, followed by a dehydration process in the Heratherm 
OGH60 hot oven (Figure 3.22) at temperature 180 ℃ overnight. This step is important in order 
to remove any particulate matter on the surface as well as any traces of water, fingerprint, 
organic, ionic, and metallic impurities. In addition, it also modifies the surface condition of 
the substrate, which improves the adhesion of the photoresist layer. Then, the wafer was 
removed from the oven and allowed to cool. Next, the wafer surface was spun coated with 
HMDS solution and spin coat positive photoresist AZ1518 at 2000 rpm for 60 seconds with 
Headway PWM32-PS-R790 spinner machine (Figure 3.23) to form a uniform layer of 
photoresist as shown in Figure 3.21 (b). HMDS is often used as a source of saline, which 
offers good adhesion to photoresist.  
 
After the coating process, the film undergo soft bake at temperature 95 ℃ for 2 minutes on a 
hotplate in order to dry the photoresist by removing the excess solvent (Figure 3.21 (c)). The 
main reason for removing the solvent is to stabilise the resist film. Then, the photo mask is 
aligned with the substrate for pattern definition using Karl Suss MA-6 mask aligner (Figure 
3.24). The patterns were transferred onto the photoresist layer under a 350 Watt of UV light 
source with wavelength 365 nm in vacuum contact modes (Figure 3.21 (d)). Then, the 
photoresist is developed using MIF 326 developer for 10 seconds to produce the photoresist 
pattern on the substrate (Figure 3.21 (e)). Then, post-bake, the patterned wafer at is treated at 
temperature 120 ℃ for 2 minutes on a hot plate to harden the final resist layer so that it will 
withstand the harsh environments of wet etching. The hard-baking process shown in Figure 
3.21 (f) is the final process to crosslink the resin polymer in the photoresist and to make it 
thermally stable.  
 
 





Figure 3.21: A typical sequence of photolithography processing steps: (a) cleaning the wafer 
surface with acetone, methanol and isopropanol, (b) spin coating with positive photoresist 
AZ1518 at 2000 rpm for 60 seconds, (c) soft baking at temperature 95 ℃ for 2 minutes on hot 
plate, (d) transferring the patterns onto the photoresist layer with UV light source, (e) 
developing the exposed photoresist with the MIF 326 developer, and (f) hard bake or post 
































Figure 3.23: Headway PWM32-PS-R790 spinner machine. 






Figure 3.24: The Karl Suss MA-6 mask aligner for photolithography and UV-NIL. 
 
 
 3.7.3  Electron-Beam evaporation 
Figure 3.25 shows the diagram of the electron beam gun evaporation system or E-Beam. This 
technique is based on a vapour deposition technique in which the target material such as 
molybdenum (Mo), titanium (Ti), aluminium (Al) and nickel-chromium (Ni-Cr) is bombarded 
by high energy electron beam resulting in evaporation of the pure material and coating of the 
substrate under high vacuum environment. In this process the source materials were placed in 
the crucible and heated by the electron bombardment. By applying a large voltage, electrons 
are drawn from the filament and focused as a beam on the source material.  
 
In this work, gold and titanium layers were deposited by using the electron beam evaporation 
technique. Figure 3.26 shows the Edward Auto500 Magnetron Sputtering system embedded 
with a 5 keV electron beam evaporator unit available at the Nanofabrication Laboratory, UC.  
 
 

























Figure 3.25: The diagram of the electron beam gun evaporation system. 
 
 
Figure 3.26: Edward Auto500 Magnetron Sputtering system use for electron titanium and 
gold deposition. 
Shutter  
Substrate   
Crucible  
Electron beam  
            Vacuum pump 
Target  
Substrate holder  
High voltage 
power 




3.8  PDMS bioimprint as a master mould 
As mentioned in Chapter 1, bioimprinting is a soft lithography technique designed to capture 
cellular morphology permanently at high resolution into a polymer matrix. In this work, a 
novel development in the fabrication of conductive bioimprint was started by learning the 
fabrication of polydimethylsiloxane (PDMS) bioimprint used as a master mould.  
 
Positive and negative PDMS bioimprint master moulds were prepared according to a similar 
method reported by our group [58]. In brief, PDMS elastomer liquid and curing agent were 
mixed at 10:1 w/w ratio and stirred thoroughly by hand for 30 seconds. Figure 3.27 (a) shows 
that the PDMS mixture was placed in a desiccator for 30 minutes to remove the bubbles before 
pouring onto the fixed cells. The curing process is accomplished at temperature 37 °C for 12 
hours to prevent any thermal damage to the cells, as shown in Figure 3.27 (b). The imprinting 
polymer was then peeled off and baked for another two hours at temperature 80 ℃ for further 
crosslinking, as in Figure 3.27 (c). Next, this negative PDMS bioimprint was washed in 10% 
w/v of sodium dodecyl sulphate (SDS, Sigma Aldrich) in 0.01 M hydrochloric acid and 0.05% 
trypsin-EDTA (Life Technologies) in PBS for 3 minutes to remove any biological debris on 
the polymer surface. Rinsing was done with deionised water for three minutes to remove any 
unwanted acidic monomer, as shown in Figure 3.27 (d).  
 
One of the main elements for a successful reverse-imprinting depends on the surface energy 
between mould and the substrate. The mould surface energy must be lower than the substrate’s 
surface energy, so that the polymer film will have excellent adhesion to the substrate and will 
easily peel off from the mould [11]. Here, the negative bioimprint surfaces were treated with 
anti-sticking layer 0.1% w/w hydroxypropylmethylcellulose solution in PBS for 10 minutes 
to lower the surface energy between the negative and the cured positive bioimprint. After it 
had dried, a liquid PDMS 10:1 w/w ratio was poured onto the negative PDMS mould and 
cured at temperature 37 °C for 12 hours as shown in Figure 3.27 (e). Then, it was peeled off 
the positive bioimprint and further baked at temperature 80 ℃ for two hours to complete the 
polymerisation, as shown in Figure 3.27 (f).  
 





Figure 3.27: Schematic diagram of negative and positive PDMS bioimprint fabrication 
process: (a) fixed cells are coated with 10:1 w/w PDMS mixtures, (b) the polymer is cured at 
temperature 37 °C for 12 hours, (c) the negative bioimprint is carefully peeled off from fixed 
cells and post-baked at temperature 80 ℃ to complete polymerisation, (d) negative PDMS 
master mould is washed with 0.1% HPMC, (e) 10:1 w/w PDMS is poured on negative, then 
the curing process follows as in in step (b), and (f) the positive bioimprint PDMS is peeled 
off from negative PDMS bioimprint.   
 
 
3.9  Mechanical testing  
The elastic modulus and yield stress for the plastic material were measured with a simple 
tensile test. In this research, the tensile strength of the CH substrate was evaluated using a 
MTS858, tensile machine with MTS 25 kN load cell of pneumatic pressure-controlled grips, 
as shown in Figure 3.28. The MTS 858 system is capable of performing specialised 
mechanical testing for biomedical and biomechanical samples. The films were cut into 
rectangular shape with the dimensions 25 mm × 110 mm and tested at room temperature. The 
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standard test method for tensile properties of plastics [174] and D882 which is the test method 


















Figure 3.28: The tensile testing of CH films were perfomed on a MTS 858 machine.  
 
 
The stress–strain values are calculated according to the following formula:  
A
F
  (3.2) 
where the tensile stress, ∂ is the ratio of the axial load, F applied during the experiment to the  




        (3.3)  
where L0 in mm is the original gauge length of the sample test and ∆𝐿 also in mm is the 
elongation. Therefore the elastic modulus, E (MPa) is the slope of the linear line in the stress–
strain curve:  
     𝐸 =
∆𝜕
∆𝜀
      (3.4) 
 
Camera connected to 
the computer 
Sample between two 
grips 




3.10  Electrical properties analysis 
The electrical characterisations of CH substrates were performed by using two techniques: (1) 
four-probe Hall effect and (2) electrical cell–substrate impedance sensing. 
 
 
 3.10.1 Four-probe Hall effect measurement 
Hall effect measurement is a very useful tool to study the intrinsic and doped materials 
synthesised in this work. The conductivity and resistivity of conductive films were measured 
using a four-point probe technique. Figure 3.29 shows a Van der Pauw Hall effect 
Measurement System under a magnetic field strength of 0.51 T.  
 
 




The different concentrations of conductive mixtures were spun coated on (5 × 5) mm glass 
slides and placed on the spring-loaded connection board. The board was then connected to a 
HP 4155A parameter analyser, and Agilent B1500A semiconductor device analyser or the 
Hall measuring system for electrical measurements. Current (I)–voltage (V) scans confirmed 
the Ohmic behaviour of the sample contacts. All measurements were conducted at room 
temperature.  
 




 3.10.2 Electric Cell–substrate Impedance Sensing analysis (ECIS) 
Electric cell–substrate impedance sensing (ECIS) is a very useful method for investigating 
various cellular events such as adhesion, growth, proliferation and motility on the electrode 
surface in real time and label-free. In this work, the Keysight E4990A impedance analyser 
shown in Figure 3.30 was used to study cell morphology changes on the CH biochip. All 
connections were connected with coaxial cable to minimise any background noise and the 
impedance measurements were collected from 100 Hz to 1 MHz at the voltage of 40 mVpp 
with a 0 V DC offset voltage. 
 
 
Figure 3.30: The impedance analysis of cells grown on CH films was measured by using a 
Keysight E4990A impedance analyser.  
 
 
By culturing cancer cells on the control and CH surfaces, cell-induced impedance signal 
changes can reflect the characteristics of the cells when they adhere and spread on the 
electrodes. Figure 3.31 (a) shows a schematic diagram of ECIS system and Figure 3.31 (a) 
represent the photo of an experimental setup for electric cell–substrate sensing in the PC2 lab. 
All numerical data were recorded in an Excel spreadsheet for further analysis.  
 
 










Figure 3.31: The experimental setup for impedimetric real-time monitoring of C2C12 cell 
interactions: (a) an illustration of ECIS system, and (b) the setup for impedance measurement 



















CHAPTER 4  




Conductive bioimprinting is a novel approach that combines replicating a 3D imprint of 
cellular morphology into a biocompatible CP, PEDOT:PSS. Using soft lithography, the 
bioimprinting technique provides an easy fabrication method to permanently capture 
the cellular footprint at high resolution down to the nanometre scale. In the preliminary 
research, a feasibility study was conducted to employ glycerol as a plasticiser in the CP 
to reduce the solubility and enhance the electrical properties of the PEDOT:PSS thin 
film. The results showed that glycerol significantly influences film transparency, water 
contact angle, electrical conductivity and surface morphology of doped PEDOT:PSS 
thin films. Due to problems with low viscosity and film thickness, the replication of 
cellular structures by using the plasticiser-assisted soft embossed (PASE) technique in 
conductive thin films showed a loss of the micron- and nano-sized cellular details. To 
achieve better results, a gelatin (A 300 Bloom porcine) was incorporated into plasticised 
PEDOT:PSS solution to overcome those challenges. The AFM cross-section profiles of 
the mouse myoblast replicas showed that the conductive bioimprint conformed to more 
than 90% of the original cellular features down to micro- and nano-sized details 
compared to the PDMS master mould. This material, with cell-like surface features, has 
exciting potential for monitoring acceptance of medical implants into the body and 




A new class of conductive biomaterial with engineered surface patterns are of great 
potential to serve as bioactive scaffolds with the ability to electrically stimulate cells 
and regulate their functions. The integration of the electroactive component of the 
conducting polymer and the biocompatible property of hydrogel matrix has emerged 




as a promising development for the next generation of bioactive electrode coatings in 
many different fields, such as regenerative medicine, biorobotics, and biosensing.  
 
Over the past decade, the application of micro fabrication in the field of biology has 
stimulated interest in and experiments on cell growth on topographically modified 
surfaces. The term “bioimprint” was first developed in 2006, and describes a soft 
lithography technique for replicating cell surface features into hard polymer for the 
purposes of improved cell imaging and formation of culture platforms [60], [176]. 
Numerous studies have been reported that culture platforms with topographical 
features influence cell orientation, migration, morphology and proliferation on defined 
patterns with different non-CPs such as PDMS [8], [9], glass[9], Permanox [9], 
methacrylate [8], [54], [56], [57], polystyrene [6]–[9], poly (ethylene glycol) 
terephthalate-poly (butylene terephthalate), (PEGT-PBT) [58] and casein [59]. 
However, the study of cell behaviour on conductive patterned surfaces is still 
challenging.  
 
This chapter demonstrates a novel fabrication process called “conductive 
bioimprinting” using the soft lithography technique. Conductive bioimprinting is a new 
technology that employs a CH matrix based on PEDOT:PSS to create a 3D imprint of 
cell topography. This conductive bioimprint is suitable as a cell culture platform, 
enabling the monitoring of cell behaviour as a function of their conductivity. The 
features of the culture platform surface play an important role in the regulation of cell 
behaviour [4], [5], [9], [61]. An understanding of the mechanisms behind the 
interaction is central to many developments in lab-on-chip devices, medical implants 
and biosensors. In the preliminary work, we started by developing the fabrication 
process of the bioimprint based on PDMS (as described in Chapter 3.8) and then 
investigated the effects of the solvent and gel additives on the electrical properties of 
the conducting polymer PEDOT:PSS. The next step was to adopt the bioimprint 
technique and optimise it for the PEDOT:PSS process to fabricate a conductive 
substrate with cell-feature topography. This conductive substrate with surface patterns 
offers good conductivity in the cell culture platform, high resolution replication fidelity 
and is also biocompatible, stretchable and biodegradable and so is suitable for tissue 
engineering and implantable biosensor devices. 




4.2 Materials  
The following materials and chemicals were used in this part of the work:  
PEDOT:PSS with 1.3 wt.% dispersion in deionised water (483095-250G, Sigma 
Aldrich), Type A porcine skin powder (G2500, Sigma Aldrich), phosphate-buffered 
saline (PBS) tablets (Sigma Aldrich), GlutaMAX (11995-065, Gibco via Invitrogen), 
fetal bovine serum (Gibco via Invitrogen), penicillin-streptomycin 100x (Gibco via 
Invitrogen), Fungizone (Gibco via Invitrogen), Polydimethylsiloxane, (Sylgard 184, 
Dow Corning Corp.), ethanol and glycerol (analytical grade, from LabServ). AZ 1518 
photoresists (MicroChemicals GmbH), AZ 326 MIF developer (MicroChemicals 
GmbH,), microscope glass slide 25 mm × 75 mm (Corning, Amsterdam, Netherlands), 
acetone, methanol and isopropanol (Sigma Aldrich, Dorset, UK).  
 
4.3 Synthesis of plasticised PEDOT: PSS films 
To study the incorporation of glycerol into PEDOT:PSS, six different concentrations 
of glycerol (0%, 0.5%, 1%, 2%, 3% and 4%w/w) were used to synthesise plasticised 
PEDOT:PSS by following the method used by Meier et al. [31]. The use of glycerol 
was intended to aid the investigation into changes of transparency, water contact angle, 
electrical conductivity, surface morphology, and the performance of the bioimprint 
replication of a doped PEDOT:PSS thin film. Figure 4.1 shows a schematic diagram of 
the synthesis of plasticised PEDOT:PSS. The PEDOT:PSS solution was purchased 
from Sigma Aldrich and consists of 1.3 wt.% dispersed in deionised water.  
 
The water based PEDOT:PSS solution was agitated in an ultrasonic bath for 15 minutes 
at room temperature and filtered using 5 µm PTFE filters in a further purification 
process, as illustrated in Figure 4.1 (a). Then, different concentrations of glycerol as a 
plasticiser agent were added to the purified PEDOT:PSS and stirred thoroughly using 
a magnetic flea until a homogeneous solution was formed (Figure 4.1 (b)). Note that 
the purification process and homogeneous condition are important to prevent 
aggregation of PEDOT:PSS in the mixture. Before the spin coating process, the glass 
substrate is chemically cleaned with three types of solvent: acetone, methanol and 
isopropanol in an ultrasonic bath for 5 minutes; this was followed by treatment with 
oxygen plasma at 100 Watt for 5 minutes to improve surface adhesion. Then, the 




homogeneous mixture of PEDOT: PSS was spun coated on a microscope glass 
substrate at 1000 rpm for 60 seconds with a Headway PWM32-PS-R790 spinner 
machine (Figure 4.1 (c)). As in Figure 4.1 (d), the coated glass substrate is baked at 
temperature 80 ˚C on hotplate until fully dry (time depend on the glycerol content).  
 
 
Figure 4.1: Schematic diagram illustrating the synthesis of plasticised PEDOT:PSS (a) 
purification process of PEDOT:PSS solution, (b) stirring the mixture until it is 
homogeneous, (c) spin coating a glass substrate with PEDOT:PSS mixtures and (d) 
soft baking the plasticised PEDOT:PSS thin film until dry. 
 
 
 4.3.1 Physical appearance of plasticised PEDOT: PSS thin 
films.  
In this section, the electrical properties and the quality of the bioimprint replication of 
plasticised PEDOT:PSS thin films based on method introduced by Meier et al work 
are presented and discussed [31]. Their research showed that they imprinted high-
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PASE technique for organic solar cell (OSC) applications. PASE is a soft embossing 
technique using polymeric stamps instead of hard surfaces such as aluminium, glass 
and silicon [177]–[179]. This low-cost and simple method opens up a broad range of 
polymeric materials for use as a mould and reduces the problem of breaking the mould, 
increasing mould reusability [180]. 
 
PEDOT:PSS is a water-based CP that chemically blends with PSS. This conductive 
material has been widely used in electronics [29], [31], [126]–[128], [130], [131], 
[181], transparent coatings [129], conductive textiles [132] and bio-electronics [32], 
[33] due to its unique properties that combine good conductivity, stability, flexibility, 
processability, high transparency and low cost. A number of researchers have 
demonstrated that certain additives such as DMSO, ethylene glycol, glycerol and 
sorbitol [30], [133], [135], [182], [183] are effective mixtures to modify the properties 
of PEDOT:PSS. Figure 4.2 shows the physical appearance of the cured plasticised 
PEDOT:PSS thin films and Table 4.1 presents the water contact angle analysis and 
thickness of the thin films as a function of glycerol. According to the images shown in 




Figure 4.2: Physical appearance of the plasticised PEDOT:PSS thin films on glass 
substrate with different concentrations of glycerol, showing no significant changes in 
film colour.  
 





































Table 4.1: Water contact angle analysis and the thickness of the plasticised 
PEDOT:PSS films after adding different concentrations of glycerol. There are 




Table 4.1 exhibit the water contact angle and film thickness measurement of plasticised 
PEDOT:PSS thin films using the telescope goniometer-CAMP 2008 KSV system and 
surface DEKTAK 150 profilometer, respectively. The measurement was carried out 
three times for each sample to calculate the standard deviation. The analysis of water 
contact angle shows an increase from 31.98° at 0% w/w to 52.94° at 4% w/w caused 
by the presence of glycerol. Despite the significant changes in film contact angles, the 
addition of glycerol in the mix increased the viscosity of the mixture which ultimately 
increased the thickness of the film from 90 nm for 0% w/w to 125 nm for 4% w/w of 




4.3.2  Electrical and optical properties of plasticised 
PEDOT:PSS thin film.   
The four-probe technique and AFM imaging were used to investigate the influence of 
glycerol concentrations in the CP on electrical conductivity, surface morphology and 
roughness. Figure 4.3 compares the conductivity measurements of the plasticised 




PEDOT:PSS thin films together with the surface roughness measurements. It was 
found that the electrical conductivity of the pristine PEDOT:PSS thin film was 1.28 
Scm−1; this increased to 443 Scm−1 after the addition of 4% w/w of glycerol. It is 
possible that the presence of glycerol broke the ionic bond in the  PEDOT:PSS chains 
so the PEDOT particles exhibited more aggregation and formed a stronger bond 
between the counter ions in the chains [30], [124]. Huang et al. [47] reported that the 
electrical conductivity of doped CP films increased two- to threefold owing to the 
uniform distribution of PEDOT molecules in the PEDOT:PSS films and produced 
better pathways for charge transport perpendicular to the film.  
 
To further understand the conductivity enhancement due to the addition of additives, 
the surface roughness and morphology of the samples by AFM analysis were observed. 
Note that all the AFM images are set to the same scale on the vertical z-axis with an 
investigation area of (1 × 1) µm2. In addition, the root-mean-square roughness (Rrms) 
is the most commonly evaluated parameter representing the surface roughness. The red 
line in the graph of Figure 4.3 showed that the addition of glycerol has a noticeable 
effect on the surface roughness values. Xiong and Liu described the addition of dopant 
stimulating the PEDOT grains, which results in the surface roughness of the film 
increasing [184].  
 
 





Figure 4.3: Showing the conductivity (σ) and surface roughness (Rrms) of the films as 
a function of glycerol concentration. Both of these properties have significantly 
increased with the addition of glycerol suggesting that the presence of glycerol has 
rearranged the PEDOT:PSS morphology and might improve the interconnections 
between the PEDOT chains. 
 
 
Figure 4.4 clearly shows the three-dimensional (3D) AFM morphology images of 
plasticised PEDOT:PSS with different concentrations of glycerol. The surface of the 
0% w/w thin film is shown with random trough and peak morphology. As the glycerol 
concentration increased, the 3D films exhibit valley-shaped surface morphology. In 
addition the film conductivity has a direct relation to the PEDOT particle size. These 
result also indicated that the PEDOT grains size (bright regions) increase while the PSS 
in the dark region decrease due to the reduction of energy barrier for electric charge 
transport on the PEDOT chain leading to a higher electrical conductivity. Hence this 
has led to the increase of PEDOT grain size and resulting in reduces PSS barriers will 
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Figure 4.4: AFM images of plasticised PEDOT:PSS film surface topography with six 
different concentrations: (a) pristine (b) 0.5% glycerol, (c) 1% glycerol, (d) 2% 
glycerol, (e) 3% glycerol and (f) 4% w/w glycerol. The data shows a significant change 
in surface topography as the percentage of the glycerol was increased in the 
PEDOT:PSS matrix.  
 
 
4.4 Fabrication of plasticised PEDOT: PSS bioimprint 
As mentioned in section 4.3, the method used by Meier et al. was adopted for different 
purposes and applications in this work. This method was used to imprint the cellular 
features into conductive film. Figure 4.5 shows the fabrication process of plasticised 
PEDOT:PSS bioimprint using a soft embossing technique. The negative PDMS 
bioimprint mould was fabricated as described in section 3.8. The prepared 













substrates at 1000 rpm for 60 seconds with a Headway PWM32-PS-R790 spinner 
machine as illustrated in Figure 4.5 (a). Then, a negative PDMS mould was brought 
into contact with the coated substrates and a constant pressure of 40 kPa was applied 
for 48 hours at temperature 37 ℃ on a hot plate, as shown in Figure 4.5 (b). Note that 
before the imprinting process, it is necessary to treat the PDMS stamp with an oxygen 




Figure 4.5: The fabrication process of plasticised a PEDOT:PSS bioimprint: (a) spin 
coat the substrate with plasticised PEDOT:PSS mixture, (b) bring PDMS mould into 




When the conductive film was dried, the negative PDMS bioimprint mould was 
carefully peeled off the conductive substrate (without dragging) as shown in Figure 4.5 
(c). Then, the positive bioimprint in plasticised PEDOT:PSS was baked again at 



















 4.4.1 Plasticised PEDOT: PSS bioimprint 
In investigating the feasibility of replicating the cell-like features onto plasticised 
PEDOT:PSS film using PASE technique, three concentrations of glycerol (1%, 2% and 
3% w/w) were used. Figure 4.6 shows the optical images of the plasticised PEDOT:PSS 
films presented after the bioimprinting process. The images clearly show that the 
cellular features have been successfully transferred only in the 3% w/w glycerol film, 
but with very low resolution. 
 
 
Figure 4.6: Optical images of plasticised PEDOT:PSS thin films after the bioimprint 
process (a) 1%, (b) 2% and (c) 3% glycerol. The cellular features can only be seen at 










To confirm the resolution of the replication, the cell topography of 3% (w/w) 
plasticised PEDOT:PSS was imaged using AFM. Images in Figures 4.7 shows the fixed 
C2C12 cells on the glass slide and the positive replica in plasticised PEDOT:PSS film 
respectively. Note that the images are not for the same cell but from the same sample. 
As can be seen in Figure 4.7 (a), the image shows that the fixed cell on glass contains 
cellular components including nucleus, filopodium, lamellipodium and cell membrane 
in micro- and nano-sized detail. However, Figure 4.7 (b) clearly shows that only the 
nucleus and cell membrane with artefacts were transferred onto plasticised 
PEDOT:PSS. Possibly this poor transfer was due to the very low viscosity and 
thickness (90 nm to 125 nm) of the plasticised PEDOT:PSS film, which made it harder 
for the PDMS mould pattern to press uniformly onto the target film. We conclude that 
with the PASE approach, the electrical properties of the thin film were increased, but 
it is not suitable for transfer of cell-like features, due to viscosity and thickness 
problems, which caused loss of the micron- and nano-sized cellular details. 
 
 
Figure 4.7: AFM images of (a) fixed cell on the glass prior to imprint and (b) positive 
cell replica with 3% (w/w) of plasticised PEDOT:PSS. Images are not of the same cell 
but from the same sample. The replica in plasticised PEDOT:PSS shows the loss of 
micro- and nanoscale cellular details. 
 
 
4.5 Synthesis of conductive hydrogel  
In order to overcome the low viscosity and thickness issues, an alternative method of 

















CH for a cell culture substrate. Integrating colourless gelatin and glycerol into the 
PEDOT:PSS solution combined the advantages of both polymers while compensating 
for the limitations of each material. Hydrogel was chosen because of its hydrophilic, 
biocompatible and biodegradable properties. In addition, the tuneable properties of the 
developed CH polymer enables the formation of 3D patterning with a number of 
printing techniques. Various studies have reported that CHs are attractive as 
scaffolding materials for regenerative medicine applications due to their ability to 
mimic many physical properties of tissues [34], [36], [185]–[188]. 
 
CH was synthesised by mixing 12.5 wt.% of 300 Bloom gelatin powder in PBS (pH 
7.4) solution and heated at temperature 60 ℃ until the gelatin powder was dispersed in 
the solvent. The films were modified with six different equal concentration of glycerol 
and PEDOT:PSS 2%, 3%, 4% & 6% from 12.5gm of gelatin solution and continuously 
stirred at temperature 70 ℃ until the mixtures became homogeneous. The mixtures 
were poured directly onto a mould and dried at room temperature. Even though gelatin 
is a soft biopolymer but it will become more stiff and rigid when it is dried. The addition 
of the glycerol effectively improved/increases the flexibility of the conductive hydrogel 
film owing to the plasticiser able to interact with protein chains and bind with the 
molecules of water during the dehydration [189]. 
 
 
 4.5.1 Physical appearance of conductive hydrogel 
This section presents further results from the synthesis of the CH mixture. As can be 
seen in Figure 4.8 the polymerisation of CH films at six different concentrations of 
PEDOT:PSS produces polymers with different darkness. The CH film with 0% w/w 
PEDOT:PSS is transparent while as the concentrations of PEDOT:PSS solution 
increased, the resultant PEDOT:PSS hydrogel films change to a dark blue colour. 
 






Figure 4.8: Physical appearance of 6 different concentrations of CH films. As the 
concentration of PEDOT:PSS increased in the mixtures the CH film changed in colour 
from transparent to dark blue. 
 
 
 4.5.2  Fabrication of conductive micropatterns 
The fabrication processes of PDMS micropatterns master mould is presented in this 
section. The master mould substrate was prepared according to the method established 
by our research group [59]  and is illustrated  in Figure 4.9 (a–d). A positive photoresist 
AZ1518 was coated onto a silicon wafer at a spinning speed of 2000 rpm for 60 
seconds, and the soft baking process was carried out on a hot plate at temperature 100 
℃ for 90 seconds (Figure 4.9 (a)). As shown in Figure 4.9 (b), the soft-baked photoresist 
layer was subsequently exposed to UV light through a prepared chrome mask to define 
the pattern. The silicon wafer was then developed with MIF 326 developer for 45 
seconds and rinsed with deionised water. Then the resist pattern was post-baked on a 
hotplate at temperature 120 ℃ for 2 minutes in order to smooth the sidewalls (Figure 
4.9 (c)). A PDMS pre-polymer and a curing agent in a 10:1 weight ratio were mixed 
and degassed under a vacuum until all bubbles disappeared. Then, the pre-polymer 
mixture was poured over the photoresist master mould and cured on a hotplate at 
temperature 80 ℃ for 2 hours, as shown in Figure 4.9 (d). Finally, the PDMS was 
3% PEDOT: PSS  
2% PEDOT: PSS  
6% PEDOT: PSS  4% PEDOT: PSS  
0% PEDOT: PSS  1% PEDOT: PSS  




carefully peeled from the silicon wafer and was further crosslinked by being baked for 
an additional 2 hours at temperature 80 ℃. 
 
Next, a soft lithography technique was used to fabricate a CP micropatterns as shown 
in Figure 4.9 (e-f). In Figure 4.9 (e), the prepared CH mixture was liquid cast 
immediately onto the treated PDMS mould and left in the incubator at temperature 37 
℃ for overnight. The cured CH film was then left at 4 ℃ for 48 hours to further 
polymerisation. Note the PDMS mould was oxygen plasma treated at 100 Watt for 30 
seconds to establish a more hydrophilic surface to enhance cavities filling before the 
imprinting process. The conductive micropatterned films were carefully peeled off to 
avoid tearing effects (Figure 4.9 (f)). The patterns on the PDMS master mould and on 




Figure 4.9: The schematic showing the fabrication of CP micropatterns: (a) spin coating 
AZ1518 on Si wafer and bake, (b) define patterns under UV light, (c) develop and post 
bake the developed resist layer, (d) pour pre-polymer PDMS over the micropatterns, cure 
and peel off, and (e) liquid cast the conductive mixture on PDMS micropatterns mould and 
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 4.5.3 Conductive micropatterns films  
Figure 4.10 shows the optical images of the PDMS master mould and the conductive 
micro-imprints with different concentrations of plasticising agent and PEDOT:PSS. It 
must be emphasised that only the amount of glycerol and PEDOT:PSS were changed; 
the other experimental conditions were kept constant. As can be seen in Figure 4.10 
(b) and (c), at low concentrations (1% and 2% w/w) of plasticised PEDOT:PSS the 
microstructures show poor replication with artefacts, while for dopant concentration 
above 3% w/w the patterns were faithfully replicated from the master mould. This 
improvement in integrity of replication has resulted from the use of the optimised 
concentration of plasticised PEDOT:PSS in the CH film.  
 
 
Figure 4.10: Optical images of micropatterns replication into: (a) PDMS master mould 
and CH micropatterns films with (b) 1% w/w, (c) 2% w/w and (c) 3% w/w. From the 
images of the conductive replicas it is evident that the replication fidelity is best at 3% 
(w/w) concentration of plasticised PEDOT: PSS.  
  




 4.5.4 Fabrication of conductive bioimprint films 
After successful replication of the conductive micropatterns, the suitability of the CH 
was investigated to develop the conductive bioimprinting technique. As in the 
bioimprint protocols, where the negative and positive PDMS master moulds as 
described in section 3.8 were made first. In the conductive bioimprint process PDMS 
master mould were made in both positive and negative impressions.  
 
Figure 4.11 shows the full fabrication process for the positive and negative conductive 
bioimprint. As described in Chapter 4.4, 12.5 wt.% of gelatin powder was dissolved in 
PBS (pH 7.4) solution and heated at temperature 60 ℃ for 15 minutes. In this bioimprint 
fabrication process, the mixture is modified with 3 concentrations of glycerol and 
PEDOT: PSS (2%, 3% and 4%) from the 12.5 wt.% gelatin solution and were 
thoroughly stirred at temperature 70 ℃ until homogeneous mixture was formed. In 
Figure 4.11 (a), each conductive mixture was immediately liquid cast onto the PDMS 
mould and left in the incubator at temperature 37 ℃ for overnight. Again, the PDMS 
moulds were oxygen plasma treated at 100 Watt for 30 seconds to establish a more 
hydrophilic surface before the imprinting process. Then, the conductive bioimprint 
material was then kept at temperature 4 ℃ for 48 hours to complete the polymerisation. 
The conductive bioimprinted film obtained was then carefully peeled off to avoid 
tearing effects (Figure 4.11(b)). The second replication from a negative mould results 
in a positive replica bioimprint and vice versa (Figure 4.11(c)). Both the imprints on 
the PDMS master moulds and on the CH were then compared using optical microscopy 
and AFM imaging. 
 






Figure 4.11: Schematic of positive/negative conductive bioimprint process: (a) Liquid 
cast the CH mixture onto the negative/positive PDMS mould (light blue) and leave it 
in incubator at temperature 37 ˚C overnight, then further cure at temperature 4 ℃ for 
48 hours, (b) peel off the conductive bioimprint from the PDMS mould and (c) 
positive/negative bioimprinted onto CH layer (dark blue). 
 
 
 4.5.4.1 Analysis of cellular features replica on 
conductive bioimprint films 
Figure 4.12 shows optical microscopy images of the conductive bioimprint with two 
different magnifications, 10x and 20x for 2%, 3% and 4% (w/w) of glycerol / 
PEDOT:PSS concentrations in a gelatin solution. We first culturing the C2C12 the cells 
by following the standard protocol and fixed the cells after they reach 80-90% confluency at 
certain period of time. Then, the PDMS bioimprint master mould was made out of the fixed 
cells. In the conductive bioimprint process, PDMS master mould were made in both positive 
and negative impressions. Image (a) in Figure 4.12 for a 2% w/w concentration shows 
low resolution, and the cell-like features although visible but poorly replicated. There 










the 3% w/w shows an improved replication compared to the image in Figure 4.12 (a). 
Whereas the optical image in Figure 4.12 (c) clearly shows a high replication fidelity 
and the nano-and micro-sized cell features have been faithfully replicated at 4.0% w/w. 
 
Based on the investigation and analysis conducted on the resolution of the replication 
for the 4% w/w glycerol concentration and PEDOT:PSS, this mixture was selected for 
use as the conductive bioimprint substrate. In this work, positive and negative 
bioimprints were prepared and used to quantify the cell replica morphology compared 
to the original cell features. In order to facilitate direct comparison between the original 
and replica features, C2C12 cells were cultured on grid-patterned microscope glass. 
The fabrication process of the grid-patterned glass substrate followed the 
photolithography method, as in Azadeh et al. [59].  
 
The fabrication process started with the glass substrates being cleaned using acetone, 
methanol and isopropanol for three minutes in an ultrasonic bath. It was then oxygen 
plasma treated for ten minutes at power of 100 W. The substrate was spin coated with 
AZ1518 negative photoresist at 1000 rpm for 60 seconds. The grid patterns were 
defined under UV light onto a glass substrate coated with positive resist using the Karl 
Suss MA-6 mask aligner for 15 seconds and was soft-baked for ten minutes at 
temperature 100 ℃ on a hotplate. The glass was then developed in the MIF 326 
developer and washed with deionised water. The developed substrate was then soft-
baked on a hotplate at temperature 100 °C for ten minutes. Finally, the glass substrate 
was etched with hydrofluoric acid for two to three minutes, then the resists were 
stripped using acetone and the slide sterilised under UV light before use as a cell-
culture substrate.  
 
Figure 4.13 shows the optical images of the cells and the 4% w/w conductive 
bioimprint, as well as the corresponding AFM images. These images reveal that the 
patterns are transferred with extremely low fidelity, resulting in a lack of resolution on 
the CH film for cellular features at the micro- and nano-sized level, compared with the 
original features. To measure the transfer image, the cross-section of the same cells is 
compared in Figure 4.14.  
 





Figure 4.12: Optical images of replicated cells onto conductive gelatin with different 
magnifications for: (a) 2% w/w, (b) 3% w/w (c) 4% w/w. By increasing the percentage 
of glycerol and PEDOT: PSS in the mixture the replication resolution is improved. 
Note that the black spots in (a) are some debris from the PEDOT: PSS formation on 
the bioimprinted cellular features. Moreover, as the concentration increases to 4% w/w 
in (c) showing an improvent in replication as compared with the images in Figure 4.12 


















Figure 4.13: On the left, optical micrographs of (a) fixed C2C12 myoblast cells on glass 
before imprinting and (b) positive replication with 4% (w/w) of plasticised PEDOT: 
PSS in CH. On the right, AFM images of cells on different substrates that highlights a 
unique cell used in the cross-sectional profile images in Figure 4.14. 
 
 
The 2D-profile of AFM trace shows that the replication details of the conductive 
bioimprint reached only 30% from peak to peak of the original features. This happens 
because the CH mixture did not penetrate thoroughly into all the fine details on the 
PDMS master mould. Note that, the replica essentially compare to the fixed cells on 
the glass from peak to peak on the AFM trace which assume the fixed cells to be 100%.  
 











Figure 4.14: Topographic profiles extracted from comparison of AFM data between 
positive conductive bioimprint and fixed cell on glass substrate. Features details 
formed on conductive film indicate only 30% replication fidelity compared to the 
original fixed cell. 
 
 
 4.5.4.2 Enhancement conductive bioimprint resolution 
To overcome the challenges, two process steps were taken to enhance the replication 
resolution of the conductive bioimprint. Firstly, the bioimprinted PDMS film was 
treated with oxygen plasma for 30 seconds at 100 Watt. The treated PDMS film was 
immersed in a 22.2% w/v solution of polyvinylpyrrolidone (PVP) in deionised water 
for one minute followed washed thoroughly with deionised water and dried. Then, the 
treated PDMS substrate was liquid cast with CH mixture and cured on a hot plate at 
temperature 50 ℃ for one hour. The PVP and additional curing steps will helps to allow 
the CH to fill and penetrate into the micro- and nanoscale features. The PVP is water-
based hydrophilic polymer, which help to turn PDMS surface substrate to be 
hydrophilic for a relatively long period of time. The conductive bioimprint was left in 




the incubator at temperature 37 ℃ for overnight and then left at 4 ℃ for 48 hours to 
further film polymerisation.  
 
Figures 4.15 (a) to (c) show the optical images of fixed cells, negative bioimprinted 
PDMS and positive bioimprinted on 4% w/w CH. The optical micrographs exhibit that 
the replication fidelity of the CH bioimprint in the red circle is increase significantly 
after compared with the results obtained in the previous process. AFM trace scanning 
was used to examine the resolution of the conductive bioimprint, negative PDMS 
bioimprint and the fixed cellular features on a glass substrate.  
 
Figure 4.15: Optical images of (a) fixed C2C12 myoblast cells on glass before 
imprinting, (b) negative replication into PDMS, and (c) positive replication with 4% 
(w/w) of plasticised PEDOT: PSS in CH. The red circle highlights a unique cell that 
was used in the subsequent AFM images of Figure 4.16. 
 
 
Figures 4.16 (a), (b) and (c) show the AFM images of the fixed cells, positive and 
negative PDMS bioimprints respectively, while Figures 4.16 (d) and (e) show the 
positive and negative cell replicas in CH polymer. These images clearly indicate that 
the detailed features of the CP replica have been replicated faithfully down to the 
micro- and nanoscale. To quantify the replication fidelity, comparisons between the 
two replicas’ cross-sections were performed using the AFM trace scan.  
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Figure 4.16: AFM images of (a) fixed rat muscle cells on glass, (b), (c) negative and 
positive PDMS bioimprint and (d), (e) negative and positive bioimprint CH. The 




Figure 4.17 and 4.18, illustrate a 2D trace scan of fixed cells, positive replica and 
negative replica of two different polymers (PDMS and CH substrates). This 















replication fidelity of about more than 90% as compared to the original features. In 
fact, this novel fabrication process is able to replicate the cellular features without any 
deformation and artefacts, while maintaining the cell morphologies in micro- and nano- 
sized details.   
 
 
Figure 4.17: Topographic profiles extracted from AFM data between fixed cells and 
the pattern transferred onto conductive film with more than 90% replication fidelity.  
 
 
Figure 4.18: Comparison of the topographic profiles extracted from AFM data between 
negative PDMS master mould and negative pattern formed on conductive film, 
demonstrating more than 90% replication fidelity. 




4.6  Conclusions 
A soft lithography technique was used in fabricating a novel conductive bioimprint 
based on CP PEDOT:PSS. The fabrication process started by using different 
concentrations of glycerol to determine the influence of the additive on the changes of 
transparency, water contact angle, electrical conductivity, surface morphology and the 
replication fidelity of doped PEDOT:PSS thin films. It was found that the concentration 
of glycerol significantly affected the PEDOT:PSS thin films. Moreover, fabrication of 
the bioimprint with the PASE technique showed the loss of micron- and nano-sized 
cellular details due to the very low viscosity and thickness problems.  
 
To overcome those challenges in fabricating a biocompatible for cell-culture platforms, 
gelatin was incorporated into the PEDOT:PSS along with glycerol. A soft lithography 
technique was used to replicate micropatterns and cell surface features into a CH film. 
The new 3D conductive bioimprint of mouse myoblast C2C12 showed very high 
replication fidelity with more than 90% of the fine details original cellular features. The 
summary of the comparison between the conductive micropatterns replication 
resolution and the bioimprint with different concentrations of glycerol and PEDOT:PSS 














1 12.5 1.0 Poor - 
2 12.5 2.0 Good Poor  
3 12.5 3.0 Excellent  Good  
4 12.5 4.0 - 
Excellent with 
> 90% fidelity 
 
Table 4.2: The quality of the replication for conductive micropatterns and bioimprint 
films with different concentrations of glycerol and PEDOT: PSS. It is clearly shows 
that at 3% w/w of glycerol and PEDOT: PSS solution gave the best replication for 
micropatterns while 4% (w/w) was excellent for replication of cells. 
  









In Chapter 5 will present the effects of chemical and surface modification of the CH 
films on electrical conductivity, swelling properties, biocompatibility and cell 
behaviour. The main challenge to the incorporation of a CP and hydrogel matrix is that 
both of these materials are highly soluble in most common solvents such as deionised 
water, culture mediums and PBS solution. Chemical modification was pursued to 
overcome this challenge. The synthesised CH was chemically crosslinked with Activa 
TI microbial transglutaminase (mTg). We determined the significant effects of the mTg 
crosslinker on the electrical conductivity properties and swelling behaviour of the 
films. It was found that the electrical conductivity of the crosslinked CH films 
increased from 10−6 to 100 Scm−1 with a decrease in water absorption. 
 
For the biocompatibility study, myoblast C2C12 cells were cultured on a conducting 
polymeric material in order to observe cell viability and adhesion activity. This 
revealed that none of the crosslinked conductive substrates showed any toxic effects 
on myoblasts after 24 hours of cell seeding. In addition, CH surfaces was modified 
with micropillars and bioimprint cell replicas were prepared using a soft lithography 
technique to study the influence of surface topography on cell adhesion and 
proliferation. Staining cells with crystal violet showed that substrate topography affects 
cell morphology and their migration behaviour. Cells cultured on a conductive 
micropillars substrate revealed that cells are preferentially more elongated and possess 
branched shapes compared to those cultured on areas of flat surfaces. Moreover, the 
analysis of cell growth on conductive bioimprinted surfaces and on flat surfaces 
showed that cells preferred to attach and grow on the platform with cell-like features 
and spread well as they grew. Hence, the CH obtained offers an attractive substrate for 




applications in the area of soft tissue augmentation and regenerative medicine and 
implantable devices.  
 
 
5.1 Introduction  
A CH substrate represents a class of functional biomaterial that combines the 
electroactive component of a CP with the physical and mechanical components of a 
soft-wet hydrogel matrix. CHs have significant applications in many biological 
applications, including tissue engineering, bioactive electrode coating, micro catheters, 
artificial muscles, organs on chip, and drug delivery systems [12]–[18]. The conductive 
material based on PEDOT:PSS has been a subject of interest to several research 
programmes for regulating cell behaviour through electrical stimulation and helping to 
trigger cell desorption [32], [153]. Physically, conducting polymer PEDOT:PSS shows 
fragile and poor mechanical properties and is not suitable for tissue engineering when 
used by itself [42]; therefore, by blending  PEDOT:PSS with, for example, chitosan, 
elastomer and gelatin, the resulting CH material exhibited improved imprinting quality, 
better chemical stability and enhanced mechanical properties, higher electrical 
conductivity and improved biocompatibility in addition to its biodegradable properties 
[34], [35], [37], [42], [151], [152].  
 
Most of the hydrogels exhibits water swelling and poor mechanical properties that 
severely hinder and limit their potential applications in the biomaterials field. In 
addition, the swelling problem of the hydrogel matrix could lead to loss of electrical 
conductivity component due to the percolation circumstance [190]. Thus, by tuning 
their mechanical properties using the crosslinker, a CH system with improved 
mechanical properties will be obtained, which retains its electrical properties and lower 
its water absorption [42].  
 
On the other hand, numerous studies have been done to investigate the cellular–
substrate topographical interactions. These studies have provided new insights into cell 
behaviour in response to their microenvironments and how it has influenced cell 
functions and properties such as adhesion, proliferation, motility, and morphology [73], 




[191]–[193]. In order to understand these issues, Ghibaudo et al. studied the responses 
of the fibroblasts on microsized pillars with different geometries. They found that the 
cell transmigration was influenced by the substrate topography, where cells showed 
elongation of the nucleus and membrane actin along the pattern lines on pillar-coated 
substrates compared with cells on flat surfaces which were normally random [194]. 
Moreover, Murray et al. demonstrated that cancer cells cultured on non-conductive 
bioimprinted substrates can distinguish the difference between cell-like topographies 
and those of flat areas [8]. The relative importance of surface topography is illustrated 
in the responses of endometrial cancer cells to anti-cancer drugs as reported by Tan et 
al. [6]. This study showed that despite the cancer cells behaving differently on convex 
and concave cell-like features, there were also changes in the expression of signalling 
proteins and different respond to cancer drugs.  
 
In this study, we demonstrate the effects of the chemical and surface modification of 
CH based on conducting polymer PEDOT:PSS for use as a cell-culture platform. We 
found that by using an mTg crosslinker with the CH films, the electrical conductivity 
increased and the swelling decreased. To obtain a better cytocompatibility and cell 
viability outcome, C2C12 myoblast were cultured on the conductive substrates for 24 
hours. The morphology, attachment and viability of the cells were studied on different 
well-defined surfaces in vitro. These studies clearly showed that cells are very 
sophisticated and can distinguish between surface patterns by following the surface 
footprint. The simplicity of the fabrication process enabled scaling down to micro- and 
nanoscale morphologies, which are useful for creating patterns for biomedical 
applications and implantable biomaterial devices. 
 
 
5.2  Materials  
All chemicals used in this work and their suppliers are listed below: 
CP, PEDOT:PSS 1.3 wt.% dispersion in water (483095-250G, Sigma Aldrich) 
(PEDOT content 0.5 wt.% and PSS content 0.8 wt.%), type A 300 g Bloom porcine 
skin powder (G2500, Sigma Aldrich), phosphate-buffered saline (PBS) tablets (Sigma 
Aldrich), 1000U/g microbial transglutaminase (supplied from Ajinomoto, Japan), 




Kimwipes tissues (Kimberly Clark), GlutaMAX (11995-065, GibcoR via Invitrogen), 
fetal bovine serum (GibcoR via Invitrogen), penicillin-streptomycin 100x (GibcoR via 
Invitrogen), Fungizone (GibcoR via Invitrogen), 0.5% trypsin-EDTA 10x (GibcoR via 
Invitrogen), Hoechst 33342 (Life Technologies, Inc., Invitrogen), intracellular fixation 
buffer (Invitrogen), 10μm-thick negative resist (ADEX20, DJ MicroLaminates Inc., 
USA), propylene glycol monomethyl ether acetate (484431, Sigma Aldrich), 
polydimethylsiloxane, (Sylgard 184, Dow Corning Corp.), 0.2% crystal violet solution 




5.3 Chemical modification 
In this work, electrically conductive and mechanically stable CH were produced based 
on conducting polymer PEDOT:PSS containing  glycerol and gelatin. In order to have 
conductive substrates with high water resistance suitable for a cell-culture platform, 
the CH was chemically polymerised with mTg crosslinker. The mTg was chosen 
because it showed the ability to chemically crosslink the hydrogel matrix while 
maintaining the biocompatibility properties and increasing cell attachment [195]. 
Transglutaminase is a purified natural enzyme found in living organisms and is widely 
used in many food manufacturing industries such as milk and meat to improve the 
texture for human consumption [195]–[197].  
 
 
 5.3.1  Preparation of crosslinked conductive hydrogel 
CH mixtures based on PEDOT:PSS were chemically polymerised by crosslinking with 
mTg crosslinker. The hydrogel mixture was prepared by dissolving 12.5 wt.% of 
gelatin powder in PBS (pH 7.4) solution at temperature 60 ˚C. Next, different 
concentrations of PEDOT:PSS and glycerol were added into the gelatin mixture and 
stirred at temperature 70 ˚C until the mixtures became homogeneous.  
 
To crosslink films, 0.5 g of mTg was dissolved with 20 mL of PBS solution and mixed 
with the CH mixture. Then, the crosslinked mixture was immediately poured directly 




onto a mould containing the required features and dried in the incubator at temperature 
37 ˚C for five hours to form the physical and chemical crosslinks. Note that the 
crosslinked mixture will solidify faster than non-crosslinked mixtures. After 
crosslinking the CH films were stored at temperature 4 ˚C for 48 hours before use to 
complete the polymerisation.  
 
 
 5.3.2  Conductivity measurement 
The electrical resistivity of the conductive films was measured using a four-point probe 
technique with Hall effect measurement system. However the system automatically run 
the Hall measurement after the resistivity and conductivity measurement by the four-
probe technique.  In this technique, the spring loaded probes were placed directly on 
four-contact points of the surface sample (5 mm x 5mm) and then connected to EGK 
HEM-2000 Hall effect and four probe measuring system provided with the 
programmed semiconductor device analyser under 0.51 T of magnetic field. Film 
thickness, t was measured by using a Surface DEKTAK 150 Profilometer (Veeco, 
USA). Resistance measurement was carried out three times for each sample. The 
resistivity ρ and conductivity σ are calculated according to the following formula:             
                                        Resistivity, 𝜌 =
𝑅𝑡𝑤
𝑙
                                      (5.1) 
in which              
             Conductivity, 𝜎 =
1
𝜌
                 (5.2) 
and where R = resistance (Ω), ρ = resistivity of the material (Ωcm), l = length of the 
film (cm), w = width of the film (cm), and t = thickness of the film (cm). 
 
 
 5.3.3 Degree of swelling behaviour 
In this study, the hydrated of non-crosslinked and crosslinked CH films were immersed 
in deionised water at room temperature for up to 14 days to determine weight change. 
Then, the swollen film was removed from the deionised water and weighed after gentle 




surface wiping with a Kimwipes tissue. The swelling behaviour was measured by 
visual inspection and swelling analysis. The analysis was performed only on the 4% 
CH film due to the excellent replication fidelity of this mixture ratio. The swelling 
percentage was calculated using the following equation:  
 Swelling ratio% =
(𝑊𝑠−𝑊𝑑)
𝑊𝑑
× 100% (5.3) 
where Ws and Wd are the weights of the film in its swollen  and dry state, respectively. 
 
 
 5.3.4 Cell attachment on a conductive hydrogel chip  
We have fabricated a conductive bioimprint for studying cell growth on CH, following 
the cell culture protocols described in the doctoral dissertation of Dr Lynn Murray [49]. 
The illustration of top view and cross-section for the platform design is shown in Figure 
5.1. The chip fabrication beginning with the plasma-treated microscope glass slides, 
different crosslinked CH mixtures were liquid cast onto the slides, followed by the 
curing process in the incubator as described in section 5.3.1.  
 
                                     




To produce a flat surface of CH for the cell culture experiment, a cured CH film was 
sandwiched between a PDMS chamber sheet and a glass substrate. The PDMS circular 
chambers were punched into cured a PDMS sheet using a cork borer with diameter of 










expose the substrate surface with an oxygen plasma treatment. Then, the PDMS 
chamber was sealed on the glass or CH substrate immediately after oxygen treatment 
at 100 Watt for 30 seconds to form permanent bonding. Note that a glass substrate was 
chosen as a control flat substrate. Additionally, the open-top design permits easy cell 
seeding and culture media exchange.  
 
All sealed substrates shown in Figure 5.2 (a-e) were sterilised by UV irradiation in a 
laminar flux cabinet for 60 minutes. After sterilisation, the CH films were incubated in 
a culture medium for four hours until they reached swelling equilibrium. Films were 
then washed with sterilised PBS solution followed by a cell medium to neutralise 
leaching of the CH film. Cells were seeded at 5 × 104 cells/mL and incubated as in 
mention in section 3.2. The culture medium was changed every day for optimum cell 
growth and adhered onto the CH film [198].  
 
 
Figure 5.2: Photograph of PDMS circular chambers sealed on different substrates and 




Cell viability was photographed and measured after 24 hours of incubation. To measure 
cell viability, the cultured films were trypsinised with 0.5% trypsin-EDTA solution 
until the film surface was covered and left in the incubator at 37 ℃ for 15 minutes. 
Meanwhile, the culture medium was decanted into the centrifuge tube and spun at 1500 
rpm for 5 minutes. The supernatant was aspirated from the cell pellet, then the pellets 
(a) (c) (b) (d) (e) 




were resuspended in an appropriate volume of growth medium. 10 µL of trypsinised 
cells suspension were pipetted into a hemocytometer to determine the 
attached/unattached cells in each sample.  
 5.3.5 Fluorescent imaging of C2C12 
To examine the feasibility of utilising the CH as a coating material on neural electrodes 
for promoting intimate cellular integration. Myoblasts C2C12 cells were seeded on CH 
substrate for 24 hours and stained with PKH26 Red Fluorescent linker kit. In brief, the 
C2C12 myoblasts were fixed with intracellular fixation buffer solution for 45 minutes 
and washed four times with PBS solution. Then, cells were stained with plasma 
membrane in red colour and placed in a 4 ℃ enclosure overnight. This staining was 
essential to observe the cellular morphology. Then, the cell nuclei were labelled with 
Hoechst 33342 DNA dye for 30 minutes and washed three times with PBS solution. 
Fluorescence microscopy with 10x of magnification imaging was performed using Carl 
Zeiss Axio Imager epifluorescence microscope (Carl Zeiss Meditec AG, Jena, 
Germany), and image analysis was performed using Image J.   
 
 
5.4  Surface modifications  
Previous studies on non-conductive materials with well- defined topographical features 
such as bioimprints [7], [60], microfluidic array [56], pillars [60], pits [199], wells 
[200] and pyramids [201] can mediate cellular behaviour (adhesion, migration and 
differentiation). To have a deeper insight of cell–substrate interactions, C2C12 cells 
were cultured C2C12 cells on conductive micropillars and bioimprint replica substrates 
to investigate cell morphology changes after four to 24 hours of cell seeding. It was 
remarkable to observe for the first time how cells reacted to the patterned conductive 
surface substrate. The results presented in this research show that the electro-
biocompatible interaction between myoblast cells and CH provides evidence that the 
material is promising for applications in bioelectronics and orthopaedics. It should be 
emphasised that no previous report exists in the literature about a conductive 
bioimprint’s notable ability to support cell growth. 
 
 




 5.4.1 Fabrication of conductive micropillar substrate  
A schematic diagram of the conductive micropillars fabrication is shown in Figure 5.3 
(a–d). A standard soft lithography technique was used to generate the micropillar 
PDMS substrates.  
 
 
Figure 5.3: Schematic diagram showing the fabrication of conductive micropillars: (a) 
hot-roll laminating of ADEX 10μm on silicon wafer and ramping post-bake, (b) 
develop with PGMEA, (c) pre-polymer PDMS was poured over the silicon wafer 
embedded with an array of micropillars, cured and peeled off, (d) to obtain conductive 
micropillars, CH mixture was liquid cast over the PDMS mould, cured and carefully peeled 
off to avoid tearing effects. 
 
 
A 4-inch silicon wafer was laminated with 10 µm-thick negative resist (ADEX20, DJ 
MicroLaminates Inc., USA) by using a hot-roll laminator at 65 ℃ with speed one 
setting. To create the micropillars pattern, the negative PR-coated silicon wafer was 
exposed to UV in vacuum contact mode at 125 mJcm−2 for 30 seconds under a 
photomask using Karl Suss MA6 mask aligner (MA-6, Suss MicroTec) as shown in 



















HP30, Torrey Pines Scientific hot plate for five minutes at temperature 65 ℃ followed 
by ten minutes at temperature 95 ℃ and finished off for another 20 minutes at 
temperature 20 ℃. Figure 5.3 (b) shows that the transferred micropillar patterns were 
developed in propylene glycol monomethyl ether acetate, PGMEA and rinsed with 
isopropyl alcohol. Next, PDMS pre-polymer was mixed at a 10:1 w/w ratio, and 
degassed for approximately 30 minutes. Once all the bubbles had disappeared from the 
solution, it was then poured on the silicon wafer and baked at temperature 80 ℃ 
overnight as shown in Figure 5.3 (c). Once it was solid, the micropillars PDMS was 
peeled off from the silicon wafer. The micropillars PDMS was then treated with 22.2% 
w/v PVP solution and oxygen plasma as mentioned in section 4.5.4.2 to establish a 
more hydrophilic surface before the imprinting process. The treated PDMS 
micropillars substrate was ready for liquid casting with 4% w/w crosslinked CH 




 5.4.2  Fabrication of crosslinked conductive bioimprint 
substrate 
The conductive bioimprint was made from PDMS master mould as described in section 
3.8. Figure 5.4 presents the schematic diagram of crosslinked conductive bioimprint 
fabrication. The bioimprinting process started with the culture of C2C12 myoblast 
which were fixed on a glass microscope slide as in Figure 5.4 (a). Fixed cells were then 
washed with PBS and distilled water to remove unwanted cell debris. Then, PDMS pre-
polymer was mixed at a ratio 10:1 w/w, degassed, dispensed onto fixed cells and cured 
at temperature 37 ℃ overnight, and further baked at temperature 80 ℃ to complete the 
PDMS polymerisation (Figure 5.4 (b)-(c)). Peel-off the negative PDMS master mould 
and treated with 22.2% w/v PVP solution and oxygen plasma treatment at 100 Watt for 
30 seconds to improve surface energy contact before the imprinting process Figure 5.4 
(d). The crosslinked CH mixture was then liquid cast onto the negative PDMS and cured 
as mentioned in the previous section (Figure 5.4 (e)). Finally, the conductive 
bioimprinted films obtained were then carefully peeled off to avoid tearing effects 
(Figure 5.4 (f)). 


















Figure 5.4: Schematic diagram of conductive bioimprint process: (a) cells are cultured 
on glass slide, (b) at 80% confluent, cells are fixed and liquid PDMS is dispensed onto 
the cells, (c) the polymer is cured, (d) the PDMS replica is peeled off carefully, (e) 
liquid cast the crosslinked CH mixture and follow the curing steps as described 
previously and (f) bioimprinted CH substrate is used as culture substrate. 
 
 
 5.4.3 Culture of C2C12 myoblasts on conductive micropillars 
and bioimprint   
For cells cultured on flat and patterned CH substrates, PDMS sheet was first punched 
using a 15 mm cork borer, prepared in sterile conditions and then soaked in cell culture 
media for four hours at temperature 37 ℃ to extract the sol fraction from the network 
as shown in Figure 5.5. After sol fraction extraction, the medium was discarded. The 
cell suspension was then pipetted onto each CH substrate at a density of 5 × 104 
cells/mL. The culture samples were incubated at temperature 37 ℃ for 24 and for 48 
hours for cell viability and the staining process. The culture was maintained in 
Dulbecco’s modified-Eagle’s medium (Invitrogen) supplemented with 10% fetal 






















℃ and 5% of CO2 in a humidified incubator. The working medium was replenished 
every day during the culture period for maximum cell growth. 
 
 
Figure 5.5: CH substrates soaking in six-well culture plates before cell seeding. 
 
 
 5.4.4 Cell adhesion and proliferation on crosslinked 
conductive micropillars and bioimprint polymeric 
substrate. 
Crystal violet is used to stain nuclei and colonies of cells for visualisation. In this work, 
crystal violet assay was used to visualise the adherence of C2C12 cells onto the 
conductive micropillars and bioimprints. In brief, the cell culture medium was 
aspirated from the six-well culture plate after four and 24 hours of cell seeding to 
observe the cell attachment with different culture times. This is because cells that 
undergo cell death lose their adherence and are subsequently lost from the population 
of cells, reducing the amount of crystal violet staining in the culture. Then, the well 
was washed twice with PBS and stained with 0.2% crystal violet solution in 2.0% 
ethanol for 30 minutes at room temperature. After that, the excess stain was removed 









5.5 Result and discussion 
In this study focused on the effects of the chemical and surface modifications on the 
CH films properties. The results of these analyses are presented and discussed in detail 
in the following sections. 
 
 
 5.5.1 Conductivity of the conductive hydrogel film. 
Figure 5.6 shows the influence of mTg on the electrical conductivity of the different 
concentrations CH films. It was found that the conductivities of non-crosslinked films 
(red graph) has extremely low ranging from 0.8 × 10−6 to 7.9 × 10−6 Scm−1. However, 
the conductivities of the conductive films increased about six magnitudes after the 
crosslinking process (blue graph). This improvement in the conductivity was due the 
presence of the mTg, which created a better interconnection network in the polymer 
matrix. Physically hydrogel are water-swelling polymer and possess poor mechanical 
properties. The swelling problem of the conductive hydrogel matric could lead to loss 
of the electrical conductive component due to the percolation circumstance. By tuning 
their mechanical properties using the mTg, possessed tighter internal entanglement 
structure which created a better interconnection network in the polymer matrix. Thus, 
a conductive hydrogel system could retains its electrical properties and lower its water 
absorption with improved mechanical properties. 
 
This is in agreement with Zhao et al [46], where they report that the conductivity of the 
electrically conductive hemicellulose hydrogel (ECHH) film increased by three orders 
of magnitude after it was crosslinked with 10–40% aniline pentamer (AP) crosslinker. 
They found that there was a significant relationship between the total concentration 
and the proportion of the crosslinker in the hydrogel. Increasing the AP concentration 
resulted in a higher concentration of holes in the ECHH film, which enhanced the 
conductivity of the devices. 
 
 





Figure 5.6: The electrical conductivity of crosslinked and non-crosslinked CH films. 
By using mTg to crosslink the CH films, the electrical conductivity is increased by six 
orders of magnitude.  
 
 
 5.5.2 Swelling capacity of conductive hydrogel film 
Swelling behaviour is one of the important properties of the CH film when used in cell 
media environments. Generally, different hydrogels have network structures that 
exhibit different swelling behaviours. To examine the water absorption capacity, the 
CH films were immersed in deionised water for more than 60 minutes. Based on our 
findings from Figure 5.7 (a), after one hour the 4% non-crosslinked CH film was 
swollen to three times its original size and totally dissolved after three hours in water.  
 
On the other hand, the crosslinked CH films exhibited less swelling behaviour and were 
only totally dissolved in deionised water after being soaked for 14 days as shown in 
Figure 5.7 (b). The significantly different swelling behaviours of these two types of 
hydrogel showed that the CH with a crosslinker possessed tighter internal entanglement 
structure and a homogeneous distribution of crosslinking centres than a non-
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Figure 5.7: The swelling behaviour of (a) non-crosslinked conductive film and (b) 
crosslinked conductive film. The water uptake ratio can be tailored by using the 
crosslinker in which the crosslinked film can survive in deionised water for more than 
three days and only dissolved totally after 14 days. 
 
 
The swelling percentage of the 4% non-crosslinked and crosslinked CH films are 
shown in Figure 5.8. It can be seen that the CH without crosslinker swelled to more 
than 150% of its actual weight after two hours and started to dissolve completely due 
to the weakening of its chemical bonding. The crosslinked film, however showed 
higher water resistance and reached equilibrium condition after three hours in 
deionised water. When mTg crosslinker is added into the CH, the formation of the 
network in the substrate to be denser and limit diffusion which resultant in a decrease 
of swelling rate.  
 
(a) (b) 





Figure 5.8: Swelling percentage of 4% (red) non-crosslinked and (blue) crosslinked 
conductive film. The graph shows that after the chemical crosslinking (blue curve) the 




 5.5.3  Growth of C2C12 on conductive hydrogel substrate 
A key factor in developing conducting polymer-based bio-devices for applications in 
bone implants and tissue scaffolding is their biocompatibility. Bearing that requirement 
in mind, the biocompatibility of the CH has been assessed by cell adhesion and viability 
tests. Cell growth on glass slides and four different CH substrates was examined after 






































Figure 5.9: C2C12 cells seeded on (a) glass substrate (control), and different 
percentages of PEDOT:PSS of (b) 2% (c) 3%, (d) 4% and (e) 6%.  The optical images 
shows that cells attached, grew and proliferated normally on all substrates. 
 




Note that three repeated samples showed similar results and the glass slide was used as 
control substrate in all adhesion and viability assays. The results showed that the cells 
attached, grew and proliferated normally on all substrates coated with the developed 
CH. Cells were dissociated after 24 hours and the total numbers of cells from each 
growth condition were counted. The results are shown in Figure 5.10. 
 
Figure 5.10 compares the cell viability on different culture substrates together with 
cell viability in a culture medium on the secondary axis. These results indicated that 
cells cultured on glass, and on the 3% and 4% CH substrates had the highest number 
of attached cells compared with other substrates. Conversely, the 6% concentration 
CH seeded substrate showed the lowest number of attached cells but the highest 
number of cells in the culture medium.  
 
 
Figure 5.10: Comparison of C2C12 cell viability after 24 hours on glass substrate 
(control), and different concentrations of CH substrates. The data shows that the lowest 
number of attached cells is observed on the 6% CH substrate. 
 
 
Fluorescence microscopy is one of the most sensitive and accurate technology in the 
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employed to study the cell morphology through visualising the focal adhesion within 
cells. Figure 5.11 showed the fluorescence staining of C2C12 cultured on four different 
concentrations of CH substrates after 24 hours of incubation. The bright blue spots and 
green represent the cell nuclei and plasma membrane respectively. Our results 
indicated that cells on all substrates were successfully attached, grew and proliferated. 
Furthermore, cells showed numerous lamellipodium and filopodium with anchorage 








Figure 5.11: Merged immunofluorescent images of cell morphology of C2C12 
myoblasts cultivated on conductive substrate after 24 hours with four different 
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By counting the number of fluorescence stained cell, the adhesion of cells can be 
characterized. Figure 5.12 shows the densitometry analysis of C2C12 cells extracted 
from Figure 5.11 on different concentrations of conductive hydrogel substrates. The 
results revealed that the highest number of neuron grew on the 4% conductive hydrogel 
while lowest number of cells on 6% conductive substrate, indicating that at highest 
percentage of plasticised PEDOT:PSS will created toxicity to cells and this agrees with 
a statistic shown in Figure 5.10. 
 
 
Figure 5.12: The densitometry analysis of myoblasts C2C12 cell extracted from 
immunofluorescent images in Figure 5.11 on different concentrations of plasticised 
PEDOT:PSS conductive hydrogel substrates: (a) 2%, (b) 3%, (c) 4% and (d) 6%. 
 
 
 5.5.4 Surface modifications 
A soft lithography patterning technique was used to fabricate the micropillars and 
bioimprints into the CH film. Crystal violet assay was used to assess the adherence of 
C2C12 cells onto the conductive micropillars and bioimprints. The cell culture medium 
was removed from the six-well culture plate after four hours and 24 hours of cells 
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violet solution in 2.0% ethanol for 30 minutes at room temperature. After that, the 
excess stain was removed by washing repeatedly with tap water until the colour of the 
water changed blue into clear blue, and the violet-stained cells were imaged using 
bright-field microscopy. In this work, two different patterned substrates made of the 
CH: micropillars and bioimprint have been used to compare C2C12 cell behaviours 
under the same chemical conditions. 
 
 
 5.5.5 Conductive micropillars 
Since topographical cues have been shown to regulate various functions of cells, the 
effects of substrate topography on myoblast growth and alignment using CH 
micropillar substrates were examined. The micropillars with dimensions of 7 µm width 
and 10 µm height was used.  
 
Figure 5.13 shows the optical images of cell growth on conductive micropillars after 
culture for 12 hours and 24 hours. Note that 10× magnification phase-contrast 
microscopy was utilised to observe the cell morphology. It was found that the cell 
membrane body in both images was mostly localised on the top of the micropillars with 
their dendrites extended, reaching a length of up to 90 µm following the micropillars 
array. In addition, the extension of these long protrusions following the trenches give 
the impression the mechanism in guiding cell migration between the micropillar arrays.  
 
 





Figure 5.13: Optical photographs of C2C12 cells showing adhesion, spreading and 
migration on conductive micropillars at (a) 12 hours and (b) 24 hours. The red arrow 
showing dendrite extension. 
 
 
The spreading and migration of the crystal violet stained C2C12 cells on the conductive 
micropillar substrate is shown in Figure 5.14 (a) and (b). These results indicated that 
the cells appeared to be more branched, have elongated shapes and adhered to the top 
of the pillar substrates. Whereas cells on the flat surface were randomly placed with 
the formation of large lamellipodium and short filopodium. Initially, cells behaved 
differently on a substrate and time by different extracellular clues including 
biochemistry, mechanics and topography [202]. This may be explained by the substrate 
topography playing an important role in influencing the cell adhesion and the contact 
guidance for the anchoring of cells to surfaces [203].  
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Figure 5.14: Cell adhesion on conductive micropillar substrates (a) Myoblast C2C12 
cells cultured on conductive micropillars and flat areas with a scale bar of 30 µm and 
(b) enlarged image of stained cells grown after 24 hours with scale bar of 50 µm, 
showing that cells are more elongated on micropillar arrays than on flat surface 
substrates owing to surface topography influencing cellular behaviour.  
 
 
 5.5.6 Conductive bioimprint 
Bioimprinted conductive substrates were successfully fabricated using the soft 
lithography technique outlined in Chapter 4. With its high replication fidelity of cellular 
footprint onto conductive substrates, it was used to investigate cells’ preferential 
attachment behaviour on cell-like topographical features. Figure 5.15 depicts the 
adhesion and spreading of cells after four and 24 hours on different CH surfaces: flat 
surface, positive bioimprint and negative bioimprint. Negative bioimprint is an inverse 
replica of the original cell features, whereas a positive bioimprint is a second 
replication transferred from the negative bioimprint mould into another substrate 
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Figure 5.15: Illustration of positive and negative bioimprint and crystal violet stained 
C2C12 cells grown on (a) positive conductive bioimprint at four hours, (b) positive 
conductive bioimprint at 24 hours and (c) negative conductive bioimprint at four hours, 
(d) negative conductive bioimprint at 24 hours. Yellow arrows indicate bioimprint 
regions with cell-like features where cultured cells preferred to attach and spread 
compared to those on a flat surface. 
 
 
From our observations in Figure 5.15, staining cells cultured on negative and positive 
cell-like features with crystal violet clearly showed cells preferentially adhering and 
spreading across the bioimprinted surfaces. As shown in Figure 5.15 (a) and (c), cells 
were rounded and attached more favourably on the positive and negative imprinted 
areas than to areas of flat surface after four hours of sedimentation. It is worth noting 
that after 24 hours, cells can distinguish surface patterns by growing clusters on their 
footprint (Figure 5.15(b) and (d)) compared to un-patterned areas. The result revealed 
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The developed CH based on different concentrations of conducting polymer 
PEDOT:PSS were chemically modified and their surfaces patterned in order to 
investigate the influence on their electrical properties, swelling behaviour and cell 
response. The chemical modification was achieved by using a microbial 
Transglutaminase crosslinker that exhibited electrical conductivity enhancement of six 
orders of magnitude compared with the conductivity of non-crosslinked films. 
Moreover, we found that crosslinking the conducting material can reduce the water 
adsorption, which improves their swelling properties. Myoblast C2C12 cells cultured 
on these crosslinked CH substrates revealed that cells attached, grew and proliferated 
favourably on these films, confirming the biocompatibility of this material. Next we 
examined the effects on adhesion and migration of myoblasts on different well-defined 
patterns: micropillars and bioimprints. Under the same chemical conditions, we 
fabricated conductive micropillars and cell-like features to analyse the morphology of 
the cells and the dynamics of cell migration. Crystal violet staining experiments 
indicated that cells migrate with persistence, allowing their translocation from pillar to 
pillar and they exhibited a more elongated and branched shape than cells on a flat 
surface. In addition, crystal violet stained C2C12 cells grown on bioimprinted 
conductive substrates revealed that the cell adherence and also can distinguish surface 
pattern and preferentially grew on their cell-like features after four and 24 hours. This 
enabled us to observe for the first time how cells develop growth characteristics in 
response to an electro-biocompatible environment patterned with features that 






CHAPTER 6  
Film Characterisations  
_____________________________________________ 
 
This chapter investigates the physicochemical properties of the CH as a soft electrode 
material. This material is intended to be used as a coating for implantable devices and 
is based on conducting polymer PEDOT:PSS blended with hydrogel. The wettability, 
biocompatibility, biodegradability, physical/mechanical properties, and certain 
chemical analyses were examined. The wettability of various concentrations of CH 
films were analysed and found to be hydrophilic with contact angles between 53.24° 
and 67.71°, whereas the PDMS substrate was more hydrophobic with a contact angle 
of 113 ± 3.0°. The CH has quite similar surface energy to glass and gold, which have 
contact angles of 50.22 ± 1.7° and 62.29 ± 4.8°, respectively.  
 
In the study of factors influencing the culturing of myoblast C2C12 cells, several 
biocompatible substrates with different surface chemistry were trialled to identify the 
correlation between wettability and C2C12 growth development. Results showed that 
the CH has good wettability and excellent hydrophilicity, which acted favourably for 
cell adhesion onto the substrate. Indeed, the statistical data reveal that seeded and 
cultured C2C12 cells grow better on CH substrate than on a glass slide, or gold and 
PDMS substrates, with more than 60% confluence at 24 hours and complete confluence 
after 48 hours. Furthermore, the in vitro biodegradation test on CH that was performed 
at temperature 37 ℃ in a culture medium showed a mass loss of 60–78%. The tensile 
test showed the CH exhibited excellent stress–strain properties, where the elasticity 
modulus decreased from 77.87 ± 1.12 MPa to 1.11 ± 0.10 MPa indicating that the CH 
is stretchable.  
 
In addition, the chemical properties of synthesised CH polymers were characterised by 
using ultraviolet visible spectroscopy (UV-Vis), X-ray photoelectron spectroscopy 





(TGA). These results indicate that the CH polymer developed has the potential for bone 
coatings and tissue engineering.  
 
 
6.1 Introduction  
Considerable efforts have been focused on the synthesis and characterisation of the 
electroactive hydrogels for their use in drug delivery [34], [204], artificial skin [34], 
[205], wound healing [206] and as an implant coating material [34], [43] owing to their 
biocompatibility, biodegradability and stretchability. In this work, the physicochemical 
properties of CHs were investigated. 
 
Culture platform surface properties such as wettability play an important role in 
influencing cellular behaviour. An understanding of the mechanisms behind these 
surface characteristics are central to many developments in lab-on-chip applications, 
medical implants and biosensor. The success in implant technology is not only 
dependent on the physicochemical properties but also how strongly the morphological 
topography of these surfaces affect cellular responses when in contact with the 
biomaterial. Various studies have also shown the importance of the interactions 
between the biomaterial surface characteristics and cell growth that can be manipulated 
to control the adhesion and cell spread process [73], [191]–[193].   
 
The wetting of the material surface will influence the protein adsorption and cell 
adhesion. The first work on wettability was performed in 1984 by Baier et al. [62]. 
They discovered that hydrophilic surfaces triggered the adhesion and proliferation of 
cells on the substrate. The contact angle of a liquid drop on a solid surface, in air, is 
determined by 3 interfacial tensions: solid-liquid, solid-air and liquid-air. The surface 
wettability of the biomaterial is usually evaluated by measuring the water contact angle 
on the material surface. Research on determining and investigating the contact angle 
for various biomaterials found that reduction in contact angle will enhance wettability 
and thus improve the biocompatibility of the substrate [77]. Biocompatibility 
represents the ability of a material to be accepted by a living cell. Therefore, it is vital 





requirements by not being toxic or injurious and not causing immunological rejection. 
The stretchable and biodegradable characteristics of conductive substrate are very 
useful to develop implantable devices and wound healing. The substrate with 
stretchability and flexibility properties facilitate to be moulded to rough and smooth 
surface alike. So when the substrate already promote the cells and no longer needed, 
the film will gradually degrade into nontoxic component in the human body and leaving 
resulting tissue behind.  
 
In the previous chapter a novel technique was demonstrated that employed a 3D imprint 
of a cellular footprint at high resolution into a PEDOT:PSS substrate using a soft 
lithography technique. In this chapter, different concentrations of CH films were 
prepared and characterised. Moreover, the bio-mineralisation behaviour of the 
synthesised conductive scaffolds was investigated in detail and evaluated by UV-Vis, 
XPS, FTIR and TGA. These experiments demonstrated the biocompatibility of the CH 
with appropriate properties, such as improved cell proliferation and adhesion, as well 
as enhanced mechanical properties suitable for applications in monitoring medical 




6.2 Materials and conductive hydrogel preparation 
In this chapter, the materials and synthesis of different concentrations of CH films were 
prepared as described in Chapters 4. The 300 Bloom gelatin powder dissolved in PBS 
solution and modified with different concentration of glycerol and PEDOT:PSS (0%, 
2%, 3%, 4% and 6%). A 1000 U/g mTg was used as crosslinker in CH mixtures. The 
crosslinked mixture spontaneously solidified during incubation at 37 ℃ for five hours 
and left at temperature 4 ℃ for 48 hours for further film polymerisation before use.  
 
 
6.3 Contact angle measurement 
The water contact angle analyses of several different substrates were performed using 





KSV system. Prior to contact angle measurement, the stage level has to be calibrated. 
Then, microscope glass, PDMS substrate and four different concentrations of CH 
coated on glass substrates were placed on the stage. A 5 µL drop of deionised water 
was dispensed on the surface of the sample and the images of the water drop were 
recorded by a digital camera. Once the first image was captured, the x–y translation 
stage was used to focus the image of the subsequent drop on the same substrate. If there 
is more than one drop on the substrate, only one drop is brought into view at a time. 
Note that five measurements were taken from each sample and the optical images were 




6.4 Biocompatibility analysis  
From the studies conducted on the cell growth cultured on CH described in Chapter 5, 
we can conclude that the films were non-cytotoxic to the myoblast C2C12 cells. The 
cells exhibited good adherence, growth and proliferation on all different concentrations 
of the hydrogel substrates. This section discusses the effect of wettability on the 
biocompatibility properties of the substrates. The adhesion of living cells strongly 
depends on the wettability of the substrate surface. The water contact angle studies give 
information on the wettability of the substrate surface. A small water contact angle 
indicates high surface free energies, resulting in a better performance in 
biocompatibility as well as in the adhesion properties of the material. 
 
In this work, the oxygen plasma treated microscope glass slides were liquid cast with 
crosslinked CH mixtures and dried in the incubator at temperature 37 ℃ for five hours. 
The incubated films were placed in an enclosure held at temperature 4 ℃ for 48 hours 
to complete the polymerisation. The cured films were then sealed together with the 15 
mm diameter circular chamber PDMS as described in detail in Chapter 5.  
 
Meanwhile, three different films were used as a control in this experiment. These films 
includes a plain glass slide, PDMS cured film and sputter-coated glass with 40 nm 





circular chamber. All of the substrates (glass, PDMS, gold and CH films) must be 
sealed with the PDMS chamber. This is performed immediately after the oxygen 
plasma treatment which is conducted at 100 Watt for 30 seconds to form permanent 
bonding.  
 
All the substrates were then sterilised using UV exposure in a laminar flux cabinet for 
60 minutes. After sterilisation, the CH substrates were incubated in culture medium for 
four hours until they reached swelling equilibrium. Subsequently, the films were 
washed with sterilised PBS solution followed by cell medium to neutralise leaching of 
the CH film. Cells were seeded at 5 × 104 cells/mL on glass, PDMS, gold and different 
CH substrates and incubated as mentioned in the chapter 3. The culture medium was 
changed every 24 hours for optimum cell growth and adherence onto the CH film [198].  
 
The cell were imaged and their viability measured after 24 and 48 hours of incubation. 
In brief, the culture medium was discarded from the culture flask and rinsed twice with 
PBS (pH 7.4) solution to remove any unattached cells. A 5 mL sample of 0.5% trypsin-
EDTA solution was pipetted until it covered the culture surface and was then kept in 
the incubator at temperature 37 ℃ for 10 to 15 minutes for the detaching process. Then, 
the detached cells were removed into a centrifuge tube and spun at 1500 rpm for five 
minutes. The cell viability measurement was performed using trypan blue exclusion 









Figure 6.1: Photographs of PDMS circular chambers sealed onto different substrates 
for use as a cell-culture platform: (a) glass, (b) treated PDMS, (c) gold, (d) 2% CH, (e) 
3% CH, (f) 4% CH and (g) 6% CH. 
 
 
6.5 Biodegradability test 
In vitro biodegradability of the crosslinked CH films with different concentrations of 
glycerol/ PEDOT:PSS were evaluated in terms of weight loss. The films were cut with 
(a) (b) (c) 
(d) (e) (f) (g)  
2 cm 2 cm 2 cm 2 cm 





approximate weight of 2 g (Wd) each and incubated in culture medium at 37 ℃ for 15 
days. At specific time intervals, the films were removed from the culture media and 
dried with a Kimwipes tissue before measuring their weight loss (WL). The weight loss 
or degradation rate is calculated using the following equation:  
  
 
Degradation =  
𝑊𝑑−𝑊𝐿
𝑊𝑑
× 100                              (6.1)                                  
 
Weight loss indicates the weight of material left in the sample compared to its original 
mass. For example, 50% weight loss means only half of the original mass of the 
scaffold remains; 100% degradation indicates the complete collapse of the scaffold. 
 
 
6.6 Mechanical properties 
The tensile modulus is used to measure the elasticity properties of CH films. The 
young’s modulus (E), is the slope of the straight line between stress (𝜕)–strain (𝜀) curve 
and can be expressed using Hooke’s law expresses as: 
 
                                𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 = 𝜕/𝜀                         (6.2) 
 
Figure 6.2 is an illustration of a rectangular sample used for the elasticity analysis.  
Tensile tests were performed according to ASTM D882, which is the standard test 
method for tensile properties of thin plastic sheeting [175] due to the film thickness 









Figure 6.2: The rectangular shape of CH films with the dimensions 25 mm × 110 mm 
used for tensile testing experiment.  
 
 
Figure 6.3 shows the procedure followed for the tensile test on conductive substrates 
using MTS858, a tensile machine with pneumatic pressure-controlled grips. Four 
samples of 2%, 3%, 4%, and 6% CH films were prepared for this test. The computer 
system connected to the MTS858 was set up by setting the necessary information of 
the material, length and width of the sample. Then, the CH film with a length of 110 
mm, width 25 mm and gauge length 90 mm was fitted between the fixed and removable 
grips. The extensometer automatically recorded the change in gauge length during the 
tensile test as shown in Figure 6.3 (a). Throughout the tests, the control system was 
recording the load and the length of extension of the sample (Figure 6.3 (b)). During 
the tensile test, the grips are moved apart at a constant rate to pull and stretch the 
conductive film as shown in Figure 6.3 (c). Figure 6.3 (d) shows how the force applied 
to the sample and its displacement was continuously monitored and plotted on a stress–
strain curve until sample was broken under the test. The obtained tensile results 
determine the tensile properties such as ultimate tensile strength, yield strength and 
elongation. 
   
 
Gauge length, L= 90 mm 
Sample length, L= 110 mm 








Figure 6.3: Tensile test experiment on CH films: (a) the CH film is securely held 
between two grips, (b) the control system recorded the load and extension of the 
sample, (c) the grips pulled and stretched the CH film, and (d) the CH film is 
continuously pulled until broken. 
 
 
6.7 Film chemical characterisations 
The chemical properties of the synthesised CH films were characterised by using 
ultraviolet–visible spectroscopy (UV-Vis) to determine the optical properties of the 
samples, Fourier transform infrared spectroscopy (FTIR) to analyse the chemical 
structure and X-ray photoelectron spectroscopy to examine the elemental composition 







 6.7.1 Ultraviolet–Visible (UV-Vis) Spectroscopy  
The absorptions of CH films were measured using an Agilent Cary 600i UV–Vis NIR 
spectrophotometer. This machine is equipped with InGaAs detection used to measure 
the absorption of a material ranging from ultraviolet (UV) to the near infra-red (NIR), 
and covering the visible part of the spectrum (Vis). A reference spectrum from an 
opaque mask was measured and used as a baseline. The absorbance spectra were 
recorded at wavelengths between 300 nm and 800 nm at room temperature. The 
wavelength-selected light is passed through a beam splitter that splits the light into two 
directions: one goes to sample and the other directly goes to a reference detector. The 
beam transmitted though the sample is collected by another detector. All measurements 
obey the Beer-Lambert law, as described in Chapter 3. 
 
 
 6.7.2 X-Ray Photoelectron Spectroscopy (XPS) 
XPS examined the surface properties in the conductive hydrogel and valuable in the 
development of a new conductive biomaterial. This measurements were analysed using 
a Kratos Axis Ultra DLD XPS equipped with a hemispherical electron energy analyser. 
XPS result were used to analyse the chemistry of the CH polymer films. Spectra were 
recorded using monochromatic Al Kα X-rays (1486.69 eV) with the X-ray source 
operating at 100 Watt. The measurements were carried out in a normal emission 
geometry. The analysis chamber was at a pressure in the 10−9 torr range throughout the 
data collection. XPS peaks were analysed to determine the presence of conductive 




 6.7.3 Fourier Transform Infrared (FTIR) Spectroscopy  
FTIR is an analytical technique used to identify organic, polymeric, and, in some cases, 
inorganic materials. The FTIR analysis method uses infrared light to scan test samples 





identify specific functional groups in molecules in the sample and each detection mode 
has its benefits.  
The PEDOT:PSS, gelatin and glycerol chemical compound in CH matrix were 
analysed using a FTIR spectrometer ALPHA from Bruker Optics equipped with single 
reflection diamond-attenuated total reflectance (ATR) from Graseby Specac (Kent, 
U.K) and supported by OPUS Mentor software. Thin films (< 1 mm thick) were cut 
into (5 × 5) mm square and placed onto a sample holder for FTIR analysis, which 
provides the chemical bonding and functional groups of the CH films in a dry state. 
Transmission mode was used with 32 scans per sample in the wavenumber range 
between 4000 and 500 cm−1. A background channel was run prior to the scans and a 
baseline correction was applied when the FTIR spectra were obtained.  
 
 
 6.7.4  Thermogram Analysis (TGA) 
TGA is an analytical method suitable for monitoring physical and chemical changes of 
conductive hydrogel when the sample was exposed to heating. This technique 
determine the weight change as a function of temperature and presented in TG curves. 
The results from this analysis are important to provide solutions for the current 
problems such as drying, moisture, oxidation, etc. associated with biomedical 
applications of conductive biomaterials.  
 
Thermal stability of the CH was analysed by TGA in order to measure any changes in 
mass as a function of temperature. This technique can analyse thermal events like 
decomposition and residual weight of the material. Approximately 10 mg of the dried 
sample was heated in platinum crucible under a nitrogen atmosphere at a heating rate 
of 5 ℃/minute from temperature 25 ℃ to 600 ℃ by using STA 449F1 Jupiter® 
(NETZSCH-Geratebau GmbH, Selb, Germany).   
 
 
6.8 Results and discussion 
The crosslinked CHs were synthesised with five different concentrations of 





techniques. Systematic investigation methods such as water contact angle analysis, cell 
adhesion analysis, biodegradation, tensile strength tests, UV-Vis, XPS, FTIR and TGA 
were used to measure wettability, biocompatibility, biodegradability, and mechanical 
and certain chemical properties. The results of these analyses are presented and 
discussed in detail in the following sections.  
 
 
 6.8.1 Wettability Properties 
The water contact angle analysis for four different substrates were carried out by using 
a telescope goniometer-CAMP 2008 KSV system. The contact angle was obtained by 
drawing a tangent line along the liquid–vapour interface at the point where it meets a 
substrate surface. For each type of substrate, five independent samples were tested. 
 
Figure 6.4 shows the water contact angles of four different substrate surfaces; glass, 
PDMS, gold and different concentrations CH substrates. The average water contact 
angles for the 2%, 3%, 4% and 6% concentrations of CH films exhibited good water 
wettability of 62.5 ± 1.3°, 60.6 ± 1.7°, 66.7 ± 1.2° and 56.2 ± 3.0° respectively, whereas 
the glass slide and gold substrate showed hydrophilic properties with contact angles of 
50.2 ± 1.7° and 62.2 ± 4.8° respectively. In contrast, the contact angle of the PDMS 
substrate was about 113.8 ± 3.0° and showed notable hydrophobic properties. Further 
examination the influence of hydrophilic and hydrophobic properties on cell growth 







Figure 6.4: The average contact angle values for four different substrates: glass slide, 
PDMS substrate, gold and different concentration of CH substrates (blue). The graph 
indicates that the CH surfaces have good wettability with an average contact angle 
between 56.2 ± 3.0° to 66.7 ± 1.2°.   
 
 
 6.8.2 The effects of wettability on cell growth  
This section investigates the relation between the wettability and biocompatibility of 
the substrates in terms of the cell adhesion process. Numerous studies have shown that 
the suitability of biomaterials in biological applications is generally determined by their 
biocompatibility. It is essential that this property, together with other properties of the 
materials such as toxicity, bioactivity, bio-stability and compatibility with the 
surrounding environment of the body such as tissues and blood, be considered in 
medical applications  [207].  
 
In investigating the biocompatibility, C2C12 responses such as adhesion and spreading 
were monitored at 24 and 48 hours of culture time on different substrates. The 
experiment using a cell seeding density of 5 × 104 cells/mL was repeated three times. 


























4% concentration CH. At 24 hours, cell morphology on the 4% CH showed the 
extension of the membrane protrusions and well spread, whereas very few cells 
remained adhered on the PDMS substrate surface after 24 hrs.  
 
However, C2C12 cells on the CH were appeared well-spread and reached confluence 
compared with the other substrates after 48 hours. Although PDMS is a biocompatible 
substrate, it is not very favourable for cell culture owing to its poor wettability. Thus, 
C2C12 cells started showing attachment and spreading only after 48 hours on the 
PDMS substrate. At 24 and 48 hours, cells cultured on the glass slide exhibited similar 
morphologies to those on the gold substrate. Based on the viability measurement, the 
CH substrate is non-cytotoxic and favourable to the living cells. The relative cell 







Figure 6.5: The growth of C2C12 cells at 24 and 48 hours on different substrates. The 







Figure 6.6: Percentage of live C2C12 cells on different substrates: glass slide, PDMS, 
gold and 4% CH. The data indicates that the percentages of live cells on CH film is 
more than 60% after 24 hours and it increased with culture time.  
 
 
The number of living cells for each substrate was determined by using trypan blue and 
the data was exported to Excel for analysis. After 24 hours the percentage of cell 
growth was more than 50% on three substrates:  glass slide, gold and CH. Notably, a 
lower percentage of cell viability was found on the PDMS substrate, which produced 
only about 20% at 24 hours and increased to more than 50% after 48 hours of culture 
time. Furthermore, at 48 hours the percentage of living cells spreading on the CH 




 6.8.3 Biodegradability test 
The successful development of a conducting polymer for tissue scaffold or implantable 
devices requires the material to be biodegradable and biocompatible. These are 
important features to minimise the inflammatory reaction in a tissue that is host to the 
biomaterial device. In order to assess their suitability for clinical applications such as 





































the biocompatibility tests. This degradation process involve breakage of the backbone 
of the polymer chains. Figure 6.7 represents the percentage of weight loss for different 
concentrations of crosslinked CH films in culture medium over a 15 days period. The 
degradation results showed that incorporation of PEDOT:PSS and glycerol highly 
affect the degradation behaviour of the CH film. The 0% CH film exhibited a higher 
percentage of degradation and completely degraded in 11 days, while the 2% and 3% 
CH films were degraded about 87.8% to 93% after 15 days in the culture medium. This 
was significantly faster than the CH films with concentration of 4% and 6%. This 
behaviour could be attributed to the separation of PEDOT:PSS grains from the 
conductive matrix at lower concentration. On other hand, the weight loss percentage 
of the 4% and 6% concentration films decreased slowly during the first five days of 
immersion in cell culture medium.  
 
 
Figure 6.7: The weight loss of CH films immersed in cell culture medium. The presence 
of PEDOT:PSS slowed the CH degradation significantly.  
 
 
Indeed, Shahini et al. showed that the presence of PEDOT:PSS slows or delays the 












































nanocomposite scaffolds [36]. On the other hand, Tsukada et al. have reported that the 
presence of glycerol improved the water resistance of the PEDOT:PSS silk thread, 
which resulted in stability of the electrical property [208]. Therefore, the degradation 
test results revealed that the CH matrix is essential to provide conductive biodegradable 
polymer-based tissue scaffolds suitable for cell culture applications.  
 
 
 6.8.4 Mechanical properties 
The incorporation of plasticiser glycerol in synthesised crosslinked CH matrices 
produces significant changes in the mechanical properties of the resulting composites. 
It has been reported that the PEDOT:PSS electrochemically deposited into Bombyx 
mori silk, showed a reduction in the tensile strength when compared with the pristine 
silk thread. Moreover, they found that the addition of glycerol in PEDOT:PSS silk 
thread increased the softness of the conductive silk thread [208]. The stiffness plays an 
important role when these materials are used as substrates for cell culture for tissue 
engineering applications. 
  
The elastic modulus was calculated from the slope of the plot of stress versus strain, 
which is directly related to the stiffness of the material. Figure 6.8 presents the 
experimental tensile test measurements of the CH films. The average of Young’s 
moduli under dry conditions of the 2%, 3%, 4%, 5% and 6% films were 77.87, 8.70, 
2.78 and 1.11 MPa respectively. These results reveal that the addition of 
PEDOT:PSS/glycerol reduces the stiffness of the CH films, thus making the conductive 






Figure 6.8: The young’s moduli of the CH films at different concentrations (𝑛=4). The 
data shows a significant decrease in mechanical properties of stiffness as percentage of 
PEDOT:PSS and glycerol increased in the hydrogel matrix.  
 
 
       













2% 77.86 ± 1.11 2.95 ± 0.98 18.74 ± 5.19 
3% 8.69 ± 0.98 1.54 ± 0.24 3.96 ± 0.53 
4% 2.78 ± 0.39 0.97 ± 0.98 1.49 ± 0.37 
6% 1.11 ± 0.09 0.25 ± 0.04 0.81 ± 0.08 
 
Table 6.1: Summary of the mechanical properties: elastic modulus, tensile strength and 
toughness of the CH films (𝑛=4). All of the measured mechanical parameters decreased 








































As shown in Table 6.1, the films’ mechanical properties: Young’s modulus, tensile 
strength and toughness of all the CH films are strongly dependent on the PEDOT:PSS 
and glycerol concentrations. The average Young’s moduli for the 2%, 3%, 4% and 6% 
CH was found to be 77.86 ± 1.11 MPa, 8.69 ± 0.98 MPa, 2.78 ± 0.39 MPa and 1.11 ± 
0.09 MPa, respectively. The average tensile strength for these conductive films were 
2.95 ± 0.98 MPa, 1.54 ± 0.24 MPa, 0.97 ± 0.98 MPa and 0.25 ± 0.04 MPa. The 
toughness of the films decreases from 18.74 ± 5.19 MPa to 0.81 ± 0.08 MPa with 
increasing glycerol concentration. These results provide quantitative data for designing 
materials for sensors and actuators that might be integrated with other biomedical 
devices. The biodegradation tests conducted and discussed in the previous section 
demonstrate that films containing PEDOT:PSS/glycerol can be optimised to meet the 
required mechanical and electrical properties. 
 
 
 6.8.5 Ultraviolet Visible (UV-Vis) Spectroscopy  
The formation of PEDOT:PSS particles in the hydrogel network was identified by 
analyzing the UV spectrum. UV spectroscopic analysis is primarily effective in 
confirming the presence of conductive elements in the UV region as well as in the 
visible region, depending on particle size. Figure 6.9 shows the optical properties of 
pure hydrogel and four different concentrations of CH composites. Figure 6.9 (a) 
indicates that 0% film has a weak absorption spectrum and provides a transparent 
substrate when placed, for illustration, on top of the University of Canterbury logo 
printed on paper. Moreover, there are significant increases in the absorption as the 
concentration increases from 2% to 6% due to higher concentration of PEDOT:PSS 
particles entrapped in the hydrogel network. The colour of the CH films have 
significantly darkened with the increase in the concentration of the CP, PEDOT:PSS. 
The CH film colours have changed from light blue at 2% of PEDOT:PSS (Figure 
6.9 (b)) to a dark grey for 3% PEDOT:PSS but still translucent as the “UC” letter 
(Figure 6.9 (c)) is reasonably visible. When the PEDOT:PSS concentration was 
increased to 4%, the film colour became dark blue (Figure 6.9 (d)) and totally opaque 





that at 6% PEDOT:PSS a stronger absorption was exhibited, preventing any light 







Figure 6.9: Photographic images and UV-Vis spectra of CH films with the following 
concentrations (a) 0%, (b) 2%, (c) 3%, (d) 4% and (e) 6% of PEDOT:PSS. Both data 
indicated the colours of CH films changed from transparent to translucent and finally 
opaque at higher concentration of CP.  
 
 
 6.8.6 X-Ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra 
DLD XPS to examine the changes in surface composition and surface chemistry of the 
pure hydrogel and four different concentrations of CH, as shown in Figure 6.10. The 
conductive films were characterised by Dr Colin Doyle from the University of 
Auckland using the experimental setup described in Chapter 3. The assignment of XPS 
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The main elemental components of the PEDOT:PSS were oxygen, carbon, and sulfur, 
which are consistent with the XPS study and confirmed that this polymer film was of 
the expected composition. The spectral signals of the CH films revealed the existence 
of nitrogen (N1s) peak around 397–400 eV that represented multiple amine groups of 
gelatin.  
 
The intense photoelectron peaks at the binding energies of 530–550 eV correspond to 
photoelectrons emitted from oxygen at O1s core level. The carbon C1s peak is around 
285 eV. The S2p peak at the binding energy of around 165–163 eV corresponds to the  
sulfur signal of conducting polymer PEDOT:PSS polymerised through the hydrogel 
[12]. The data obtained from XPS were not significantly different for any 
concentrations of the CH polymers [12], [209]. The XPS results helped in a better 
understanding of how the surface of a biomaterial substrate influences the biological 








Figure 6.10: XPS spectra and sulfur peak analysis for CH films. The data shows the 





















 6.8.7 Fourier Transform Infrared (FTIR) Spectroscopy  
Infrared spectroscopy is a useful technique in characterising the structures of materials. 
FTIR spectroscopy was used to assess the polymer chemical groups; PEDOT:PSS and 
gelatin networks. These vibrational modes are quantitatively measurable by IR 
spectroscopy [211]–[214]. Figure 6.11 represent the FTIR spectra relative to the 
PEDOT:PSS blends with gelatin solution.  
 
The spectra of pristine gelatin showed characteristic peaks in the broad range of 3200–
3500 cm-1 due to N–H stretching of the secondary amide. C=O stretching at 1650 cm-
1 indicated the primary amide, whereas N=H bending resulted in peaks between 1500 
cm-1 and 1550 cm-1. In addition, aliphatic C–N bond stretching vibrations were 
observed at band 1075 cm-1. It is suspected that the broad N–H bending and C=O 
stretching of gelatin implied that the carboxyl and amide group of gelatin tended to 
form a hydrogen bond network [215].  
 
In the CH spectrum, the broad band in the range of 3200–3300 cm-1 represent the peak 
of the N–H bond of gelatin peak in the substrates. It was observed that the peak at 1650 
cm-1 changes to 1625 cm-1 due to the incorporation of PEDOT:PSS in hydrogel [216]. 
The band at 1520 cm-1 is attributed to the C–C stretching vibration of the thiophene 
rings and the sulfonic acid groups of PSS [217], whereas the strong peak at 1050 cm-1 
was ascribed to C–O stretching vibration of the ethylenedioxy group of the PEDOT 
material [217]. Thus, these results confirmed the successful combination of the 







Figure 6.11: FTIR spectrum of CH. Changes in the peaks represent the formation of 
the CH blends with different concentrations: 0%, 2%, 3%, 4% and 6% of PEDOT:PSS. 
 
 
 6.8.8 Thermogravimetric Analysis (TGA) 
The thermal stability of the synthesised CH was analysed with thermogravimetric analysis 
(TGA). Figure 6.12 presents the TGA family of curves for the 2%, 3%, 4% and 6% 
concentration CH films. TGA is an analytical method suitable for monitoring physical 
and chemical changes of conductive hydrogel when the sample was exposed to heating. 
This technique determine the weight change as a function of temperature and presented 
in TG curves. The results from this analysis are important to provide solutions for the 
current problems such as drying, moisture, oxidation, etc. associated with biomedical 
applications of conductive biomaterials. The thermal behaviour of the CH is different for 
each film depending on the concentration of the conducting polymer PEDOT:PSS. Overall 
the thermal behaviour of the CH has three distinct stages. The first stage was explained 




































decomposition of the film and the third stage to the elimination of the volatile products in 
the film.  
 
In the first step, 20% weight loss was observed at temperature 60 ℃. This can be attributed 
to loss of water molecules from the polymer matrix. The second weight loss started at 
around temperature 150 ℃, which is the onset of chemical decomposition of the material; 
and the third stage, starting at temperature 250 ℃ onwards represents the collapse of the 




Figure 6.12: TGA curves of the different concentrations of PEDOT:PSS in hydrogel 
matrix, showing weight loss of the films as the temperature is increased from room 
temperature to 600 ℃.  
 
 
Furthermore, the set point weight loss of 50% for the 2%, 3%, 4% and 6% concentrations 
of the CH films started at a temperature of 285 ℃, 85 ℃, 100 ℃ and 195 ℃, respectively. In 
addition, at a temperature higher than 320 ℃, the TGA curves level off indicating that the 
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Several techniques were used to characterise the conductive film, such as water 
wettability, biocompatibility, and biodegradation, mechanical, physical and chemical 
analysis. The water contact angle measurement showed that the CH contact angles were 
between 53.2° and 67.7° depending on the concentration of the PEDOT:PSS/glycerol 
in CH mixture, and the film has good wettability with excellent hydrophilicity that 
were favourable for cell culture growth. Seeded and cultured C2C12 cells grew better 
on the CH substrate than on the glass slide, PDMS and gold substrates. The developed 
CH films have mechanical properties that can be tuned, with the elasticity modulus 
changing from 77.87 ± 1.12 MPa to 1.11 ± 0.10 MPa, depending on the mixture’s 
concentration. In addition, the chemical analysis confirmed that the expected 
components were present in the respective CH films. The biocompatible, soft-but-
strong properties of the conductive film obtained in this work indicate that it can 
potentially be used as coating for medical implants, tissue engineering scaffolds and 
other biomedical uses.  
  





Cell–Substrate Impedance Sensing  
_____________________________________________ 
 
This chapter describes the use of cell–substrate impedance sensing in studying 
myoblast C2C12 adhesion and viability in real-time measurement. Gold interdigitated 
electrodes (IDEs) coated with CH were employed for this study. A pair of gold IDEs 
with different electrode width and spacing (30 µm × 30 µm and 50 µm × 50 µm) were 
fabricated on a glass substrate by conventional photolithography. These biochips were 
used for measuring the changes in impedance due to the behaviour of cells cultured on 
the CH coated gold IDEs and compared with a control IDE. The measurements of 
impedance magnitude were performed using Agilent Precision Impedance Analyser 
4294A at frequencies ranging from 100 Hz to 1 MHz.  
 
The impedance magnitudes of the CH biochip and gold biochip (control platform) were 
tested with cells in culture medium DMEM. The results showed a decrease in 
impedance for the CH biochip compared to the control biochip from 4.27 kΩ to 3.70 
kΩ for 30 µm × 30 µm and from 3.85 kΩ to 3.37 kΩ for 50 µm × 50 µm at a frequency 
of 100 Hz. In addition, the phase angle of the CH coated gold electrode decreased to 
−90° below 10 kHz, dominated by the capacitive reactance, and became close to 0° 
above 10 kHz, showing a tendency to more resistive behaviour at high frequency.  
 
When C2C12 cells were cultured on the both biochips, the impedance exhibits a rapid 
increase starting after two hours of sedimentation. The notably large change in 
impedance is an indication of changes in cell adhesion and proliferation. After this, the 
impedance value flattened after the myoblasts reached confluency after 12 to 24 hrs. 
In investigating the toxin effects on the myoblast C2C12 adhesion and impedance, 
doxorubicin (DOX) was used as a toxicant agent. The results show that there was 
significant reduction in impedance magnitude after four hours of toxin treatment, 
which indicates that the cells start to lose their cell–substrate contact,  reducing the cell 




coverage area on the surface. After 12 hours, cells were shrunken and dead, clumping 




Electric cell–substrate impedance sensing (ECIS) is increasingly used in real-time for 
monitoring the changes in cellular behaviours and response to drugs in vitro. The idea 
of using electric cell–substrate impedance sensing was first reported in 1984 [155], 
[218], [219]. Researchers used an alternating electrical signal to observe cell growth 
on gold electrodes and measured changes in the impedance of the system. The 
development of electric cell–substrate sensing to study cellular behaviour has 
important applications in the fields of bioengineering and biomedicine.  
 
In ECIS, various studies have reported the use of gold [164], [220]–[223], platinum 
[224], [225],  aluminium [226], carbon [227] and indium tin oxide [158] as electrode 
materials for impedance measurements. The selection of the materials for electrode 
fabrication depends on the fabrication process, bioreceptors, cost, suitability of the 
material for the environment and the specific application. Currently, CHs have been 
demonstrated to be an effective material for biosensing owing to their biocompatibility, 
processability, good wettability, biomechanical properties and a continuous 
improvement in their electrical properties [228]. CH is a hybrid material, a combination 
of a hydrogel matrix with the electronic functionality of a CP (polypyrrole, polyaniline, 
etc.). Several studies have demonstrated that CHs have great potential for coating 
materials [42], [229], [230]. 
 
In this chapter, a novel application of electric cell–substrate impedance sensing was 
performed to study cellular response and toxin sensitivity in real-time using electrodes 
coated with CH. To achieve this, a high density of myoblasts cells were seeded on a 
CH substrate for 24 hours and the changes in impedance were monitored. The cell 
growth and viability on the CH were compared with those on the uncoated gold 
electrode platform. In addition, real-time impedimetric analysis of inhibitor toxin on 
the cell formation was carried out for 12 hours. The impedimetric properties in the 




presence of the CH layer and on the gold electrodes were obtained similarly. In 
conclusion, the use of CH provides a simple fabrication method for devices and can 
successfully detect cells’ impedance response. The CH can also be employed as a 
platform for the development of implantable biochips or for bone implants.  
 
 
7.2 Materials and methods 
The following materials and chemicals were used in this part of the work:  
AZ 1518 photoresists (MicroChemicals GmbH), AZ 326 MIF developer 
(MicroChemicals GmbH,), microscope glass slide 25 mm × 75 mm (Corning, 
Amsterdam, Netherlands), acetone, methanol and isopropanol (Sigma Aldrich, Dorset, 
UK). PEDOT:PSS with 1.3 wt.% dispersion in deionised water (483095-250G, Sigma 
Aldrich), Type A porcine skin powder (G2500, Sigma Aldrich), phosphate-buffered 
saline (PBS) tablets (Sigma Aldrich), 1000U/g microbial Transglutaminase (supplied 
from Ajinomoto, Japan), GlutaMAX (11995-065, Gibco via Invitrogen), fetal bovine 
serum (Gibco via Invitrogen), penicillin-streptomycin 100x (Gibco via Invitrogen), 
Fungizone (Gibco via Invitrogen), Polydimethylsiloxane, (Sylgard 184, Dow Corning 
Corp.), ethanol and glycerol (analytical grade, from LabServ).  
 
 
 7.2.1 Fabrication of conductive hydrogel biochip  
The CH biochip was fabricated using gold IDE on a glass substrate following 
conventional photolithography processes. This biochip consists of two culture 
chambers embedded in a gold IDE with two different electrode widths and spacing 
dimensions of 30 µm and 50 µm. A 40 nm-thick titanium and gold layer were sputtered 
on a glass substrate to form an active sensing area with dimensions of 10 mm × 10 mm 
for each electrode. Glass was selected as a substrate to effectively decrease the 
measurement noise and minimise the substrate capacitance [231].  
 
Figure 7.1 shows the fabrication process of the gold IDE using a lift-off technique. A 
glass substrate was cleaned using acetone, methanol and isopropanol for three minutes 
in each solvent. It was then oxygen plasma treated for ten minutes at power of 100 Watt 




to remove any organic substances. The substrate was spin coated with AZ 1518 
negative photoresist at 3000 rpm for 30 seconds and soft-baked for two minutes at 
temperature 100 ℃ on a hotplate (Figure 7.1 (a)). The patterns were defined onto the 
photoresist layer under a UV light source of wavelength 365 nm using Karl Suss MA-
6 Mask Aligner in a yellow room as shown in Figure 7.1 (b). 
 
 
Figure 7.1: Schematic diagram of the fabrication process for the gold interdigitated 
electrodes on a glass substrate: (a) spin coating a glass substrate with AZ 1518 
photoresist, (b) defining the patterns onto the photoresist layer under the UV light, (c) 
developing the photoresist patterns using AZ 326 MIF developer, (d) deposition of 
40 nm Ti and Au onto a glass substrate using sputtering machine and (d) lift-off of 
metal strip in acetone solvent. 
 
 
The exposed patterns in the photoresist layer was then developed in AZ 326 MIF 
developer for 60 seconds and thoroughly rinsed with deionised water (Figure 7.1 (c)). 
Then the patterned photoresist was soft-baked at temperature 120 ℃ for two minutes 
on a hot plate to harden the final resist layer so that it can withstand the harsh 
environment of wet etching. Figure 7.1 (d) shows the 40 nm layer of titanium that was 
deposited on a glass surface to increase adhesion, followed by 40 nm of gold using 
Edwards Auto 500 Magnetron Sputtering System. The IDE sensor pattern was lifted 
(b) 








Ti/Au deposition Lift-off Au/Ti 
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off using acetone solvent in an ultrasonic bath machine for 3 minutes to strip off the 
metal-coated photoresist (Figure 7.1 (e)). The completed electrode structure of the gold 
biochip fabricated on glass substrate is shown in Figure 7.2.  
 
 
Figure 7.2: The gold biochip with connection pads on a glass substrate: (a) IDE with 
30 µm × 30 µm and 50 µm × 50 µm of finger width and gap respectively, (b) the size 
of each sensing area as compared to the New Zealand ten cent coin.  
 
 
The biochip shown in Figure 7.2 has two IDEs and was bonded with PDMS chambers. 
The CH mixture was prepared by mixing 12.5% w/v gelatin solution, 4% w/w of 
PEDOT:PSS and 4% w/w of glycerol and stirred at temperature 70 ℃ until the mixtures 
became homogeneous. To crosslink films, 0.5 g of mTg was dissolved with 20 mL of 
PBS solution and mixed with the CH mixture. Subsequently, a 300 µL sample of 
















thin layer of CH, because the film thickness has an influence on the sensitivity of the 




Figure 7.3: The Impedimetric system (a) Optical microscopy image of the fabricated 
biochip, (b) close-up image showing the difference between the CH layer and gold 
strips that represent the interdigitated electrodes, and (c) cross-sectional diagram of the 
CH biochip.  
 
 
Next, the crosslinked CH layer on the IDE was placed in the incubator for one hours 
to form the physical and chemical crosslinks. Then, the biochip was then kept dry at 
temperature 4 ℃ for 48 hours to complete the polymerisation process. Upon 
polymerisation, the CH biochip was placed in a cell culture incubator box and contact 
pads were extended for connections to the impedance analyser machine, as shown in 



















7.3 (b) while Figure 7.3 (c) represent the schematic cross-sectional view of the CH 
biochip.   
 
 
 7.2.2 Bio-impedimetric measurements of the C2C12 cells  
Prior to cell culture, the gold biochip (Figure 7.4 (a)) and CH biochip (Figure 7.4 (b)) 
were sterilised under UV irradiation in the laminar flux cabinet for 60 minutes. After 
sterilisation, the CH biochip was incubated at temperature 37 ℃ in a cell culture 
medium for one hour until it reached swelling equilibrium. Then, the CH and gold 
biochips were washed with sterilised PBS solution to neutralise leaching of the CH 
film and remove unwanted particles on gold surface.  
 
 
Figure 7.4: Photograph of the biochips: (a) gold and (b) CH. Both of these biochip were 
sealed with square chambers made from PDMS and contact pads were extended for 
connections to the impedance analyser machine.  
 
The C2C12 cells were suspended in 140 µL (5 × 104 cells/mL) of culture medium and 
seeded in each chamber. The cell culture medium containing Dulbecco’s modified 
Eagle’s medium, 10% fetal bovine serum, 1% Fungizone and 1% penicillin-
streptomycin. Then cells were incubated at temperature 37 ℃ in a 5% CO2 humidified 
incubator. Figure 7.5 (a-b) shows a cross-sectional illustration and photo of the 








During cell culture and proliferation, impedance measurements across the parallel 
contact pad electrodes were performed at 0 hour, 2 hours, 12 hours and 24 hours at 
room temperature using an impedance analyser. The impedance was measured at 
frequencies ranging from 100 Hz to 1 MHz at a voltage of 40 mVpp with a 0 V DC 
offset voltage. Impedance changes were induced by the presence of cells adhering on 
the electrode surface in the chamber. The change in impedance was defined by the 
difference between the impedance magnitude at successive measuring time points and 
the impedance magnitude at 0 hour. All numerical data were recorded in Excel for 





Figure 7.5: The experimental setup for impedimetric real-time monitoring of C2C12 
cell interactions: (a) cross-sectional illustration, and (b) photograph of the impedance 



















 7.2.3 Toxin sensitivity analysis of C2C12 Cells  
In order to demonstrate the sensitivity of cell impedance to drugs, the effects of the 
cytotoxic agents were investigated in vitro. In this study, the drug solution was prepared 
with 50 µL of DOX in 1000 µL of culture medium and dispensed onto the confluence 
cells in the culture chambers. DOX is a common anti-cancer drug to treat a wide range 
of cancer, but in this research was used to study the toxic effect on the myoblast 
formation [232]. The toxin-treated biochip systems were placed in the incubator at 
temperature 37 ℃ for 12 hours, then impedance spectra measurements of the cell–drug 
system were performed after 4, 8 and 12 hours at frequencies ranging from 100 Hz to 
1 MHz.  
 
 
7.3 Result and discussions  
In this research, gold interdigitated electrodes coated with CH were used to monitor in 
real-time the impedance changes of C2C12 cells under different culture medium 
conditions. To characterise the detection sensitivity, C2C12 cells were cultured onto a 
thin film of CH coated on two different electrode geometries. The frequency of the 
impedance measurement was varied from 100 Hz to 1 MHz at 0 hour, 2 hours, 12 hours 
and 24 hours of culture time. The effects of cytotoxic DOX on cell adhesion after 4, 8 
and 24 hours of drug exposure were measured within the same frequency range.  
 
 
 7.3.1 Impedimetric analysis of cell-free system 
Figure 7.6 shows the impedance magnitude of gold and CH biochips with different 
dimensions without cells in growth medium over the frequency range from 100 Hz to 
1 MHz. It was found that the impedance of the 30 µm gold biochip was 4.27 kΩ and 
higher than the impedance of the 50 µm gold biochip with 3.85 kΩ at a frequency of 
100 Hz. The modified electrode structure was significantly lower than the bare gold 
electrode due to the increase in effective surface area that acted as a capacitor at low 
frequency. The impedance magnitude decreased from 4.27 kΩ to 3.70 kΩ for the 30 
µm electrode and from 3.85 kΩ to 3.37 kΩ for the 50 µm electrode respectively. The 




linear region in the curve of Figure 7.6 between 100 Hz to 10 kHz corresponds to the 
double layer interfacial impedance between the electrode and the DMEM medium 
[164], [233], while for frequencies above 10 kHz it resembles the characteristic 
impedance of the medium resistance [158]. Moreover, the graph shows that the 
impedance was increased with decrease in electrode dimension, which  indicated that 
the size of electrode significant effect the sensitivity and signal to ratio value of the 




Figure 7.6: The magnitude of the impedance of gold and CH biochips measured in cell-
free growth medium with different features as a function of frequency. These graphs 
show a linear decrease in impedance at low frequency due to the interface effect 




The trend of the impedance for the CH coated electrode found in this research is similar 
to that reported by Abidian and co-workers [236], [237]. They found that the 
impedance of the modified electrode with CH was significantly lower than the bare 




































low frequency. There are numbers of reports on the characterisation of CH coated IDAs 
to develop highly sensitive impedimetric biochips for immobilisation of biomolecules 
[48], [238]–[240]. A few studies have been reported that the electro conductive 
hydrogels based on polypyrrole decrease limits of detection and increase sensitivity to 
analytes of bio transducers [238], [240]. 
 
Figure 7.7 illustrates by typical equivalent circuit of the CH coated gold electrode in 
cell-free growth medium, DMEM. In this work, a CH coating gold electrode system 
can be modelled as a resistance of growth medium (RMED) series with the parallel 
elements of CH, capacitance (CCH) and resistance (RCH). Whereas, CCPE is the double 
layer capacitance and R1 the resistance of the gold electrode‐ medium interface. When 
the growth medium penetrate into CH, lead to increment in CCH capacitance owing to 




Figure 7.7: The equivalent circuit for CH coated gold electrode. CCPE and R1 represent 
the double layer capacitance and the resistance gold electrode-medium, while the 
parallel elements CCH and RCH represent the capacitance and resistance of CH.  
 
 
Figure 7.8 shows the phase magnitude of the gold and CH biochips with different 
electrode dimensions. To provide a better understanding in interpreting phase 
behaviour, the phase spectrum can be divided into two regions. When an electrical 
current passes through a capacitor, the phase is shifted by −90° with respect to the 
capacitance region. If the current passes through a resistor, the phase angle in the 










of CH coated gold electrode for both dimensions are decreased close to −90° at below 
10 kHz and towards 0° at above 10 kHz. It can be concluded that below 10 kHz the 
response is dominated by the capacitive reactance, and there is a tendency to more 





Figure 7.8: The phase magnitude of the (a) gold biochip and (b) CH biochip with two 
electrode dimensions, 30 × 30 µm and 50 × 50 µm as a function of frequency, showing 
that both dimensions of CH biochip is dominated by the capacitive behaviour below 







































7.3.2 Visualisation and monitoring of cell adhesion on gold vs 
conductive hydrogel biochips  
The CH impedance sensor enables the monitoring of cellular response in terms of 
electrical signal and has shown good biocompatibility. Figure 7.9 presents the phase 
contrast micrographs of the C2C12 cells showing cell attachment and proliferation on 
platforms made of gold electrodes and coated with CH after 0 hour, 2 hours, 12 hours 
and 24 hours during an ECIS experiment. In this experiment, myoblasts were seeded 
at densities of 50,000 cells per chamber and incubated in growth medium. 
 
Figure 7.9: A sequence of images of C2C12 formation process at 0, 2, 12 and 24 hours 
on 30 µm gold IDE, 50 µm gold IDE, 30 µm CH coated IDE, and 50 µm CH coated 
IDE. The images show that the modified surface of gold electrodes with CH have 
significantly higher cell growth and reached 90% confluency after 24 hours (CH30 and 
CH50).  
50 µm 50 µm 50 µm 50 µm 
50 µm 50 µm 50 µm 50 µm 
50 µm 50 µm 50 µm 50 µm 
50 µm 50 µm 50 µm 50 µm 




Figure 7.9, the cells show spherical morphology and did not attach on the control gold 
electrode surface at the start of the experiment at 0 hour. They start showing adherence 
and spreading on the gold electrode surface after two hours, and reach about 50% of 
confluency after 12 hours of cell seeding. Similarly, for the CH biochip, the cells 
appeared round in shape at 0 hour after cell seeding and well spread and flattened 
morphology with 70% of confluency after 12 hours. After 24 hours of cell 
sedimentation the microscopic image show that the C2C12 cells formed monolayer and 
90% confluency on both types of biochip surfaces.  
 
 
 7.3.3 Visualisation of cell adhesion after toxin treatment 
In this study, impedimetric testing of the toxicity effect on myoblasts using DOX was 
performed. A 200 µL sample of culture medium containing 50 µL/mL of DOX was 
pipetted into the culture chamber after cells had reached 90% confluency. The 
photograph of cell morphology and impedance measurement was conducted in real 
time after 4 hours, 8 hours and 12 hours during drug treatment. Figure 7.10 depicts the 
optical images of morphological characteristics of myoblast C2C12 apoptosis 
stimulated by DOX toxin at various points of time. As can be seen, DOX impairs the 
C2C12 cell–substrate adhesion after 4 hours of toxin treatment. The cells showed lesser 
degree of cell–substrate contact and weakens the cell filaments with decreased in size, 
but the majority of adherence cells retained a normal shape. After 12 hours of toxin 
addition revealed a number of effects including loss of cell–substrate contacts, shrunk, 
floating and dead cells clumping together were observed. All of these morphological 
changes suggested that the addition of DOX should lead to the expected changes in cell 
impedance magnitude.  
 





Figure 7.10: Phase contrast micrographs of C2C12 at 4 and 12 hours on 30 µm gold 
IDE, 50 µm gold IDE, 30 µm CH coated IDE and 50 µm CH coated IDE. Cells were 
exposed to DOX for the period shown. 
  




 7.3.4 Frequency optimisation for cell growth and death 
analysis 
The impedance measurements of cells growth and apoptosis as a function of cell 
cultivation time on gold and CH biochips were conducted at frequencies ranging from 
100 Hz to 1 MHz as shown in Figure 7.11. In preliminary stage of ECIS system, it is 
important to determine the optimum frequency for accurate analysis and interpretation 
of the data. This ideal frequency is a largest different between cell–free medium and 
cell–in medium system under the resistance versus frequency sweep graph [159]. 
 
The graphs in Figure 7.11 indicated that the presence of cells in the system induced the 
increasing of impedance magnitude across the frequencies. As cells grow over the 
electrode (see in Figure 7.9), they block the flow of electrical current which result an 
increase in impedance in the circuit [159], [241]. It can be seen that the greatest change 
in impedance  after cells seeding occurs at the 100 Hz frequency from 3.97 kΩ to 4.27 
kΩ for 30µm gold,  from 3.02 kΩ to 3.85 kΩ for 50µm gold, from 3.61 kΩ to 3.99 kΩ 
for 30µm CH and from 3.07 kΩ to 3.30 kΩ for 50µm CH biochips. Therefore the 
impedance magnitude at the optimum frequency of 100 Hz was chosen for cell growth 
and death studies. The equivalent circuit of cells in CH system and time-impedance 







































































Figure 7.11: The impedance magnitude for cell growth on different dimensions of (a) 
gold biochip with dimensions 30 µm and (b) gold biochip with dimensions 50 µm, 
while (c) CH biochip with dimensions 30 µm and (d) CH biochip with dimensions 50 
µm from frequency range of 100 Hz to 1 MHz. Results show that the highest changes 
in impedance occured at 100 Hz and this was used as the optimum frequency.  
 
 
To represent the electric connection between cells intact on CH coated gold electrodes 
through culture medium, the equivalent circuit of Figure 7.7 must be expended and 
illustrated in Figure 7.12. The CH electrode–medium interface is in series with the 
passive electrical properties (capacitance (CCELL) and resistance (R CELL) are connected 

















































































CH electrode-medium interface 




 7.3.5 Impedimetric analysis of the C2C12 response on 
biochips at 100 Hz 
The magnitude of the impedance changes during cell adhesion, proliferation and drug 
treatment at optimisation frequency of 100 Hz are plotted in Figure 7.13. In this 
research, the impedance analysis in terms of changes in impedance of myoblasts 
C2C12 response were devided into three phases: (I) cell attachment and spreading on 
the electrode surface, (II) cell proliferation and formation of monolayer morphology, 
and (III) cell shrinkage, death and detachment from the electrode surface.  
 
Phase I in Figure 7.13 shows that the impedance magnitude on all substrates types  has  
initially increased rapidly with time after the cell-seeding process. When the cells attach 
they start to restrict the current flow by spreading over the electrode and capacitance decreases 
in a linear fashion with the percentage of open area on the electrode. Hence, adhesion, 
spreading and proliferation can be quantified best, when recording capacitance at a frequency 
higher than 100 Hz, where the decrease in capacitance is direct proportional to the electrode 
coverage. Then, the magnitude of the impedance showed a very slow increase and 
maintained  a constant value during the time period between 12 to 24 hours in phase 
II. These results are in agreement with that obtained in Figure 7.9 which revealed that 
C2C12 cells proliferate, reaching 90% confluence and form a monolayer morphology 
within 24 hours. 
 
The assessment of the inflammation due to toxicity is a very important issue in 
developing effective and safe treatment for a variety of applications such as bone 
implantation, biomedical devices and artificial tissues. Impedance monitoring is a cost-
effective and customised platform for screening drugs based on cellular apoptosis 
potentially in the development of medical implants. Impedance detection could be an 
effective approach for monitoring apoptosis-induced changes of cell functions in real 
time. The direct effects of DOX on the cultured C2C12 cells were shown in phase III 
where there is a notable decrease in impedance (Figure 7.13).  
 
 





Figure 7.13: The impedance measurement of C2C12 cells monitored over 36 hours on 
30 µm CH IDE, 30 µm gold IDE, 50 µm CH IDE, and 50 µm gold IDE graph. Phase I 
illustrates the cells’ attachment and spreading on the electrode surface, causing an 
increase in the impedance. Phase II, in which the impedance keep increasing and 
reaches a constant value, correspond to the cells forming a monolayer morphology. 
Phase III indicates that the growth of C2C12 was inhibited by the addition of DOX.  




The impedance values of the CH biochip exhibit a sharp decrease similar with gold 
biochip after four hours of DOX treatment. These results demonstrate that the DOX 
impairs C2C12 cell–substrate adhesion and increases the motility rate. After 12 hours 
of DOX treatement, the magnitude of the impedance reaches a steady state. This 
suggests that cell shinkaged, detachment and aggregation as a small cluster on the 
electrode is the result of the purposely introduced toxin. The trend of toxin treated 
established in this research is similar to that reported by Yu et al. [233]. They found 
that the impedance KYSE30 cancer cell in 0.01 M retinoic acid on nanoporous anodic 
alumina membrane was decreased with time. Overall, the data sets in Figure 7.13 show 
a good agreement with all optical images illustrated in Figures 7.9 and 7.10. 
 
 
 7.4 Conclusions 
The ECIS technique has been applied to evaluate C2C12 cell attachment, spreading 
and apoptosis as a function of impedance. A testing platform with interdigitated 
electrodes was developed and was based on gold electrodes coated with CH. The 
developed ECIS chip was tested by detecting changes in the impedance as a function 
of time. Cell culture incubation and drug-induced impedance changes were conducted 
over a frequency range from 100 Hz to 1 MHz.  
 
The presence of the CH layer on the gold electrodes, reduced the impedance magnitude 
from 4.27 kΩ to 3.70 kΩ for the 30 µm and from 3.85 kΩ to 3.37 kΩ for the 50 at a 
frequency of 100 Hz. This is due to the CH layer acting as a capacitor at low frequency 
and increasing in effective surface area. In addition, the phase angle of CH coated gold 
electrode decreased towards −90° below 10 kHz, which was dominated by the 
capacitive region, and was close to 0° above 10 kHz, showing a tendency to more 
resistive behaviour. The seeding of C2C12 cells on the CH electrodes exhibited a rapid 
increase in the real impedance signal after two to 12 hours of growth. These significant 
changes in impedance are correlated with the cells’ adherence and the proliferation 
process. After this, the myoblasts formed a monolayer or reached confluency after 12 
to 24 hours, resulting in an almost constant impedance value over that time period. In 
addition, toxicity testing was conducted to show the effects of toxin on myoblast 




C2C12 adhesion and impedance. Changes in cell–electrode adherence response on 
both biochips were monitored for 12 hours. After four hours of exposure to toxin 
treatment, the results revealed a decreased in measured impedance of the CH coated 
electrodes with time and showed similar pattern with gold biochip. After 12 hours of 
DOX treatment, the impedance magnitude reached a steady state on the gold and CH 
coated biochips. This indicates that the cells are shrunken, possibly dead, and detached 
from the electrode. The results from this chapter provide a useful means for creating 
cell-impedance sensitive platform and using biologically active polymer coatings that 
can facilitate integration of the electronic active devices with a living system.  
  




CHAPTER 8  
Conclusions and Future Work 
 
 
This chapter begins with a summary of the objectives that have been accomplished in 
this research. Then, potential future work is suggested for continuing research using 




This thesis presents the development and characterisation of conductive bioimprints 
for cell-culture study. Conductive bioimprinting is a novel approach that combines 
replicating a 3D imprint of cellular morphology into a CP, named poly (3, 4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS), by using a soft 
lithography technique. The conductive bioimprint is suitable as a cell-culture platform, 
enabling the monitoring of cell behaviour as a function of their conductivity.  
 
There are four important objectives of this research identified as (a) to synthesise and 
optimise a CH based on PEDOT:PSS that can be utilised to replicate cell surface 
features at high resolution and fidelity, (b) to investigate the effects of chemical and 
surface modification on the electrical properties, swelling behaviour and cell growth, 
(c) to characterise the physicochemical properties of CH films such as wettability, 
biocompatibility, biodegradability, stretchability, chemical properties and (d) to 
demonstrate the feasibility of using electrical cell impedance sensing (ECIS) to monitor 
the C2C12 myoblast adherence, spreading, proliferation and motility on a CH biochip. 
The main challenge in the incorporation of a CP and hydrogel matrix in cell culture 
applications is that both of these materials are highly soluble in most common solvents 
and water. In spite of these difficulties with the material, this research has successfully 




achieved most of the set goals. The major accomplishments of this work are described 
in the following paragraphs. 
 
In this research work, a feasibility study was conducted first to employ glycerol as an 
additive and plasticiser in the CP to reduce the solubility and enhance the electrical 
properties of the PEDOT:PSS thin films. The results showed that glycerol significantly 
influenced film transparency, water contact angle, electrical conductivity and surface 
morphology of the doped PEDOT:PSS thin films. PEDOT:PSS is hydrophilic, so 
adding the glycerol produced a noticeable improvement in hydrophobicity, with the 
water contact angle increasing from 31.98° at 0% w/w to 52.94° at 4% w/w. It was 
found that the addition of glycerol changed the thickness and conductivity of the thin 
films from 90 nm to 125 nm and from 1.28 Scm−1 to 443 Scm−1 respectively. 
Furthermore, the 3D atomic force microscope (AFM) morphology images of plasticised 
PEDOT:PSS thin films showed significant changes in surface topography as the 
percentage of the glycerol increased in the PEDOT:PSS matrix. However, due to low 
viscosity and thin film thickness problems, the replication of cellular structures using 
plasticiser-assisted soft embossed (PASE) technique into conductive thin films has 
resulted in a loss of the micro- and nano-sized cellular details. To achieve the required 
material, a gelatin (A 300 Bloom porcine) was incorporated into the plasticised 
PEDOT:PSS solution to overcome those challenges. The gelatin was chosen because of 
its biocompatibility, biodegradability and water-solubility.  
 
To ensure the CH mixture was able to replicate significant surface features of cells, the 
negative/positive replicas of the conductive and PDMS bioimprint substrates were 
compared with the direct cellular topography images. The AFM cross-section profiles 
of the mouse myoblast replicas showed that the conductive bioimprint conformed to 
more than 90% of the original cellular features down to micro- and nano-sized details 
of the PDMS master mould. Through these analyses, we validated that the fixed cells 
were faithfully replicated onto the conductive substrate, the process did not alter the cell 
morphologies and showed no distortion while the cells retained their structures. 
 
The developed CH has promising potential as a neural electrode for biosensor 
applications. The chemical cross-linking process of the CH mixture results in a stable 




gel structure with tuneable physicochemical properties of a conductive film. Microbial 
Transglutaminase (mTg) was found to crosslink with the conductive material and 
enhances its electrical conductivity from 10−6 to 1 Scm−1 and minimises water 
absorption. Moreover, the CH developed is biocompatible, as evidenced by the C2C12 
cell attachment, growth and proliferation study after 24 hours of sedimentation. The 
CH substrate surface was further modified to become a more stimuli-responsive 
network for biomedical applications and implantable biomaterials devices. Since the 
substrate mechanics (e.g. stiffness and softness) and topography were recognised as 
having a strong influence on cell adhesion and cell-material interactions, conductive 
substrates with a flat surface, micropillars and bioimprints were used in vitro to 
investigate the cell–substrate interactions. Cell culture experiments clearly 
demonstrated that the C2C12 cells stained with crystal violet appeared to be more 
branched, have elongated shapes and adhered to the top of the micropillar substrate. In 
comparison with flat surfaces, the cultured cells grew randomly with the formation of 
large lamellipodium and short filopodium features. Indeed, cultured C2C12 cells on 
bioimprinted surfaces revealed that cells are very sophisticated in being able to 
differentiate between surface patterns and they can be guided to grow on cell-like 
features.  
 
Numerous techniques were used in investigating the physicochemical properties of the 
CH as a soft electrode. The water contact angle is a parameter used to quantify the 
wettability of a CH surface. This property could also influence cell adhesion behaviour 
and the biocompatibility of the substrate to the living organism. The obtained water 
contact angles of the CH were analysed and found to promote wettability with contact 
angles between 53.2° and 67.7° whereas the PDMS substrate showed poor wettability 
with a contact angle of 113 ± 3.0°. In addition, the CP has quite similar surface energy 
as compared with glass and gold substrates which have a measured contact angle of 
50.2° ± 1.7° and 62.2° ± 4.8°, respectively.  
 
To identify the correlation between wettability of the conductive substrate and cells 
growth development, myoblast C2C12 cells were cultured on different biocompatible 
control substrates such as glass slides, gold and PDMS substrates. The biocompatibility 
analysis revealed that seeded myoblast C2C12 cells grew better on the CH substrate 




than on the other substrates. The percentage of living cells on the CH exceeded 60% 
after 24 hours and reached 90% confluency after 48 hours. 
 
The in vitro biodegradation test on the CH films was performed at temperature 37 ℃ in 
culture medium and showed a mass loss of 60% to 78% after culturing cells for one 
week. The tensile test showed the CH exhibited good stretchability, where the elastic 
modulus decreased from 77.87 ± 1.12 MPa for 2% to 1.11 ± 0.10 MPa for 6% films.  
 
The Ultraviolet visible spectroscopy (UV-Vis) measurements revealed significant 
increments in absorption spectra and changes in the colours of the CH films from 
transparent to opaque as the concentrations of the CP increased.  
 
The X-ray photoelectron spectroscopy (XPS) study confirmed the existence of 
conducting polymer PEDOT: PSS elements such as oxygen at the binding energy of 
530–550 eV, carbon at around 285 eV and a sulfur peak at the binding energy of around 
165–163 eV. In addition, a nitrogen peak at binding energy of 397–400 eV represented 
multiple amine groups of gelatin in the CH matrix.  
 
Fourier transform infrared spectroscopy (FTIR) showed typical characteristics of the 
gelatin, glycerol and PEDOT: PSS in the conductive network. In thermogravimetric 
analysis (TGA) the set point weight loss of 50% for the 2%, 3%, 4% and 6% 
concentrations of the CH films started at temperatures of 285 ℃, 85 ℃, 100 ℃ and 195 ℃, 
respectively. From all chemical analyses we confirmed that the appropriate expected 
components were present in the respective films. 
 
The cell-related impedance signals measured with AC electric fields were analysed as 
a direct reflection of cell adhesion and toxin sensitivity in real time on the CH biochips. 
The magnitude of the impedance of the CH biochip in a cell-free medium (DMEM) 
exhibits a similar pattern with the control biochip but decreased from 4.27 kΩ to 3.70 
kΩ for the 30 × 30 µm biochip and from 3.85 kΩ to 3.37 kΩ for the 50 × 50 µm biochip 
at a frequency of 100 Hz. On the other hand, the real impedance signal of the CH 
electrodes when measured with C2C12 cells exhibited a rapid increase in impedance 
after two to 12 hours of cell growth, owing to the cells’ adherence and proliferation 




process. Then, when the myoblasts started to form a monolayer or reached confluency 
after 12 to 24 hours, the impedance value become constant. In investigating the toxin 
effects on the myoblast C2C12 adhesion, the doxorubicin (DOX) was used as a toxicant 
agent. The results show that the impedance magnitude a rapidly decreased after four 
hours of toxin treatment due to the weakened cell–substrate contacts and lower cell 
coverage on the electrode surface. After 12 hours, cells were shrunken, dead, clumping 
together and completely detached from the sensor’s electrode surface. 
 
The CH material with cell-like patterned surfaces that was developed offers high 
replication resolution, good electrical conductivity, biocompatibility, stretchability and 
biodegradability. Moreover, the main advantage of using cell impedance spectroscopy 
to examine cell behaviour in real time helps researchers in better understanding cellular 
events next to the implants. Possible applications of conductive bioimprint are foreseen 
in the field of biosensing and bio actuation in the biomedical field, for example as smart 




8.2 Future work 
This thesis has provided the synthesis and characterisation of a new technique named 
conductive bioimprinting based on PEDOT:PSS and has multifunctional properties for 
use as a cell-culture platform. However, further optimisation of the conductive 
bioimprint is required to enable a higher performance for implantable biochip 
applications. Some suggestions for future research and development are presented in 
sections 8.2.1 and 8.2.2.  
 
 
 8.2.1.  Organ-on-chip 
With growing interest in 3D printing and its application in organs-on-chip, in tissue 
engineering, drug screening and bone implants, conductive bioimprinting might offer 
additional important coatings with cell-like features that facilitate cell guiding and 
spreading. Another important area of applications that might be investigated further is 




the development of conductive bioimprints as biosensors with a wireless platform for 
allowing medical personnel or patients to monitor and diagnose potential infection or 
inflammation surrounding an orthopaedic implant under the patient’s skin. The radio 
frequency identification (RFID) technology is the best method for the physiological 
data transmission and electrical power of the biosensor because it can permits the 
operation in small size, cost effective and low applied potential. The system developed 
allows a device to receive a signal from the sensor, perform its primary processing and 
to transmit data to the target device such as computer, smartphone, tablet or any 
wireless telecommunications device using a Bluetooth interface. 
 
 
 8.2.2  Integration of conductive bioimprints with microfluidics 
in an ECIS System 
The integration of a microfluidics system with an embedded conductive bioimprint 
biochip using electric cell–substrate impedance sensing (as illustrated in Figure 8.1) is 
also another area of interest that can be explored further. In conventional methods, 
microscopically, detection of indicative cellular components (e.g. DNA) and live/dead 
fluorescent dye staining are commonly used for assay analysis based on cell culture. 
Alternatively, the proposed integrated system provides a real-time and non-invasive 
technique that significantly helps provide a better understanding of the in vivo 
condition in some cases such as drug delivery testing on the cellular topography or 
monitoring cellular response in a 3D environment. The advantages of combining 
microfluidic flow cells with conductive bioimprints are: high detection sensitivity, 
small volume handling, low contamination during bacterial growth and ability to mimic 
the native cellular microenvironment.  
 






Figure 8.1: Illustration schematic of the integrated ECIS system embedded conductive 




8.3 Research contribution 
In this work, we present for the first time the development of conductive bioimprints 
with cell-like surface features based on PEDOT: PSS mixed with gelatin and glycerol 
using a soft lithography technique. This conductive bioimprint has been used for 
monitoring cell–surface interactions, growth, adhesion, spreading, morphology, and 
motility with respect to the electrical conductivity. The developed conductive 
bioimprint has shown very high replication fidelity, good electrical conductivity, 
biocompatibility, elasticity and biodegradability. Conductive bioimprints might be 
used in tissue repair and regeneration, medical implants and bioelectronics sensing.  
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